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Decision Support Methodologies for  
Acquisition of Military Equipment 

(RTO-MP-SAS-080) 

Executive Summary 
Operational Analysis and other model-based approaches are capable of providing valuable support to 
defence decision-makers addressing military equipment acquisition issues. However, this particular 
application domain has often been neglected compared to subjects such as planning of operations, supply 
chain management and logistics. In addition military equipment acquisition has mostly been considered by 
the military as isolated from the general economical, industrial and political environment. 
Recommendations on behalf of the military are almost exclusively taking into account operational criteria. 
Therefore this meeting was aiming to provide an opportunity to redress this situation by looking at 
multiple aspects of the problem in a broad context. The programme committee intended to provide a 
forum for participants to exchange experiences and perceptions on the way in which operational analysis 
or other forms of modeling and simulation can provide support to decisions relating to acquisition of 
military equipment within national armed forces in the context of NATO and to discuss further possible 
collaborative research programs. 

The level of the presentations and of the discussions was excellent and stimulating. The subjects covered 
were acquisition procedures, simulation, selection and ranking in a multi-criteria context, Life Cycle 
Costing, support for the development of operational requirements, and assessment of performance. 
However it should be noticed that important topics like: 

• Industrial, social and political aspects of military equipment acquisition models and methods, 

• Standardisation within the alliance in relation to military equipment acquisition models, 

• Military equipment acquisition models related to supply chain management and logistics, 

• Renewal and game theoretical models for military equipment acquisition, 

• Simulation models for dynamic systems in relation to military equipment acquisition, 

• Fleet management and military equipment acquisition models. 

Were not covered or needed a more in depth discussion. 
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Méthodologies d’aide à la décision pour  
l’acquisition d’équipements militaires 

(RTO-MP-SAS-080) 

Synthèse 
L’analyse opérationnelle et d’autres approches reposant sur la modélisation sont en mesure de fournir une 
aide précieuse aux décideurs de la Défense chargés des questions d’acquisition de matériels militaires. 
Cependant, ce domaine d’application particulier a souvent été négligé par rapport à des sujets comme la 
planification des opérations, la gestion de la chaîne d’approvisionnement et la logistique. Par ailleurs, 
l’acquisition d’équipements militaires a souvent été considérée par les militaires comme étant déconnectée 
de l’environnement général économique, industriel et politique. Les recommandations faites au nom des 
militaires prennent presque exclusivement en compte les critères opérationnels. En conséquence, cette 
réunion avait pour but de créer une opportunité de redresser cette situation en traitant les divers aspects du 
problème, dans un contexte élargi. Le Comité d’organisation avait voulu créer pour les participants un 
forum sur lequel ils puissent échanger leurs expériences et leurs sentiments sur la façon dont l’analyse 
opérationnelle ou les autres formes de modélisation et de simulation pouvaient apporter une aide à la 
décision dans le domaine de l’acquisition d’équipements militaires au sein des forces armées, dans un 
contexte OTAN; également pour discuter d’éventuels futurs programmes de recherche en collaboration. 

Le niveau des présentations et des débats fut excellent et enrichissant. Les sujets traités furent les 
procédures d’acquisition, la simulation, la sélection et le classement, dans un contexte multicritères,  
le coût global de possession, l’aide au développement des besoins opérationnels, et l’évaluation des 
performances. Cependant, on doit noter que des sujets importants, comme: 

• Les aspects industriel, social et politique des modèles et méthodes d’acquisition d’équipements 
militaires, 

• La standardisation relative aux modèles d’acquisition d’équipements militaires au sein de 
l’Alliance, 

• Les modèles d’acquisition d’équipements militaires, pour ce qui concerne la gestion de la chaîne 
d’approvisionnement et la logistique, 

• Les modèles théoriques de renouvellement et de projets concernant l’acquisition d’équipements 
militaires, 

• Les modèles de simulation pour les systèmes dynamiques relatifs à l’acquisition d’équipements 
militaires, 

• La gestion de la flotte et les modèles d’acquisition d’équipements militaires. 

Ne furent pas traités, ou auraient demandé une discussion plus approfondie. 
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ABSTRACT. 

Since 2003, the Portuguese Ministry of Defense (MoD) has been using the MACBETH multicriteria approach in several evaluation processes for the acquisition of military equipment. This paper describes the first application case: the acquisition of 8x8 Armored Wheeled Vehicles to equip the Army and the Navy Marines, which contract was recently signed. This Tender was conducted by the National Armaments Directorate in cooperation with the Army and the Navy. The process last almost two years and involved: on a first stage, the revision and harmonization of the Services’ requirements, and the issuing of the Tender Program and of the Technical Specifications; the process proceeded with the initial proposals’ analysis, the performance of tests in Portugal and abroad, and the negotiation meetings; the final stage of the Tender comprehended the admission and evaluation of the Best and Final Offers, and finally the award of the contract to the globally most attractive proposal. Tender’s Evaluation Regulation was based on the MACBETH (Measuring Attractiveness by a Categorical Based Evaluation Technique) methodology, previously adopted on large national and international tender procedures, that proved to be a flexible, consistent and robust decision support tool.


1.
Introduction


The 8x8 Armored Wheeled Vehicles (AWV) acquisition program, for the Portuguese Army and Navy, whose tender phase was concluded on 2005, was a paradigmatic example of a successfully concluded joint military equipment acquisition program conducted by the Portuguese Ministry of Defense (MoD). Considering the high complexity of the process, one of key success factors was the introduction by the MoD of new methodologies to support the decision-making process of the Tender’s Commission.

The genesis of the program is related with a capability gap analysis study performed considering the international commitments assumed by Portugal and the scenarios where the Portuguese Armed Forces might be operating. Based on this analysis it was set as a priority to equip the Army and the Navy Marines with AWV. Thus, by the end of 2002 the preliminary works for the launching of a competitive bidding for the acquisition of such vehicles began. The initial works regarding the definition of the operational requirements was carried by the Services’ Staffs.

In order to ensure maximum competitiveness on the AWV acquisition program, a “public competitive bidding with selection of proposals for negotiation” was launched. This decision was taken by the Minister of Defense on July of 2003, marking the official start of the program. The conduction of the AWV acquisition program was assigned to the MoD’s National Armaments Directorate (DGAED – see http://www.mdn.gov.pt/mdn/pt/mdn/organograma/dgaed/). This is the entity responsible, among others activities, for the supervision, coordination, control and execution of the Armed Forces equipment programs.


This paper presents a general overview of this acquisition process. Section 2 describes the phases of the bidding procedure. In Section 3, special emphasis will be given to the evaluation methodology, in particular regarding the application of the MACBETH approach (Measuring Attractiveness by the Categorical Based Evaluation Technique) (cf. Bana e Costa et al. 2003; Bana e Costa and Vansnick 1994). This was a socio-technical process that evolved throughout a sequence of decision conferences (Phillips and Bana e Costa, 2007) facilitated by the first author of this paper, under a contract signed between the MoD and IST (“Instituto Superior Técnico” – the engineering institute of the Technical University of Lisbon), with the second author acting as internal analyst and process coordinator.


2.
Phases of the Competitive Bidding Procedure


The AWV acquisition program involved the following phases, which are briefly presented ahead: a preparatory phase, the tender announcement, the proposal preparation and clarifications phase, the proposal selection phase, the negotiation phase, the contract awarding and the contract signature. The program timeline is synthesized in Figure 1.
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Figure 1 – Portuguese Army and Navy 8x8 AWV acquisition program timeline


Preparatory phase


The works regarding the 8x8 Armored Wheeled Vehicles Acquisition program, for the Army and the Navy, led by the DGAED, were initiated in July of 2003, with the review of the tender program and of the technical specifications proposed by the Services. The work was developed, since the beginning, by one joint Technical Team, that included representatives from the MoD, the Army, and the Navy, as well as civilian advisors and was headed by the second author of this paper. The activities of this team covered the technical, legal and financial issues. The works regarding Offsets were carried out by a specialized “Offsets Commission”, which worked in parallel with the technical, legal and financial teams. At the same time, an agreement was signed with IST, under which a MACBETH decision-analysis process consultation started in August 2003. The explicit choice of the MACBETH evaluation methodology by the MoD was justified by the success of its application in bid evaluation on large national and international public call for tenders (cf. Bana e Costa et al., 2002). The methodology was presented and discussed at an initial meeting at the MoD, with emphasis on its alignment with the phases of the bidding procedure.

The main goal in the preparatory phase was the requirements validation, considering two basic principles: 


· based on the knowledge about the market, the mandatory requirements could not restrain the number of solutions to one; 


· the number of mandatory requirements should be minimal. The proposal selection based on desirable characteristics and on the key proposal features should be addressed by the evaluation methodology.

The Tender Commission, headed by the National Armaments Director, was empowered by the Minister of Defense and the approval of the final tender program documentation took place at the end of August. The tender was publicly announced in August 14, 2003. The tender documentation was made available to the potential bidders in September 1, 2003.


Proposal preparation and clarifications phase


September 1, 2003 marked the beginning of the first phase of the tender process, when the tender documentation was made available for consultation and acquisition by any potential tenderer. During this period the documentation was consulted by 6 companies and acquired by 4. In the subsequent months potential tenderers were provided with the requested clarifications. Meanwhile, the Proposals Evaluation Regulation was concluded and delivered to the potential tenderers. Section 3 is dedicated to an in-depth discussion of the aspects regarding the adopted evaluation methodology. Nevertheless, in summary it can be said that, during this phase, the works of the Technical Team consisted on the structuring activities leading to the identification of screening (rejection) criteria and evaluation criteria, the structuring of the latter in a value tree with several levels of specification, and their operationalization throughout the definition of reference performance levels (and value functions in a few cases) validated by the Tender Commission that, finally, could assign weights to the evaluation criteria.


Proposal Selection phase


The Proposal Selection phase was initiated with the opening of the Proposals, which took place on January 27, 2004. The end of subsequent analysis work happened when the Tender Commission issued the Preliminary Report on the Proposal Selection for the Negotiation Phase to the Minister of the Defense. This report was homologated on May 6, 2004. After a period of tenderers’ hearings, the Final Report of the Proposal Selection Phase was homologated. The report admitted to the Negotiation phase 3 tenderers: Austrian Steyr-Daimler-Puch Spezialfahrzeug AG & Co KG, with vehicle PANDUR II; Swiss Mowag Motorwagen Fabrik AG, with the vehicle Piranha III C; and Finish Patria Vehicles OY, with vehicle AWV.

During the Selection Phase it was also prepared the Tests Plan for testing the vehicles in Portugal. This Plan defined the scenarios and the procedures for testing and verifying the vehicles and systems (about 60 different specific tests) and provided the test sheets to use on the tests. Tests included, for instance, the verification of the dimensional and functional characteristics of the vehicles, of ergonomic factors affecting crew and carried personnel, as well as tests on operational environment, both for terrestrial and amphibious configurations.


Negotiation phase


This phase was initiated with the submission of the proposed vehicles for performing the tests, which were designed to gather relevant information, namely regarding the mandatory requirements of the Technical Specifications and the technical requirements of the Evaluation Methodology. These tests were performed to the basic terrestrial and amphibious variants throughout a period of three weeks on July and August of 2004, in several Army, Navy and Air Force premises, involving not only military but also civilian experts on different fields of expertise. The content of each specific test was only disclosed to the tenderers at the beginning of the test, in a briefing presenting all the details regarding its execution, the involved means, the place where it was to be carried out, as well as the safety aspects to observe (see Figure 2).
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Figure 2 – Tests performed in Portugal


On visits abroad it was possible to get acquainted with the capabilities of the potential subcontractors and with the characteristics of the main systems to install in the AWV, particularly the weapon systems.

The information gathered during the period of tests and with the visits and tests abroad, became decisive for the conduction of the negotiation meetings, which were carried out between September and October of 2004, and also for the bid evaluation using the evaluation methodology. The negotiations were done in several meetings with each of the tenderers, where the technical solutions and alternative proposals were discussed and analyzed in order to improve the global quality of the proposal. Resulting from these meetings some adjustments to the initial version of the Tender Specs (e.g., vehicle variants, quantities, and configuration requirements) were communicated to the tenderers, so that they could prepare their final offers.


Besides the technical negotiations, other negotiations meetings were done with the three tenderers for discussion of the Legal issues (aiming the agreement, in principle, of the wording of Contract minutes) and of Offsets (aiming the discussion of the Offsets programs).


In the beginning of November the tenderers received the directives for BAFO (Best And Final Offer), i.e., the procedural and formal rules regarding the elaboration, presentation and opening of the final version of the proposals. The public opening of the BAFO occurred in the November 11, 2004 on the day after the date set for the delivery of the proposals. Due to non-compliance with formal tender requirements the BAFO of Patria Vehicles OY was not accepted.


The proposals of the two remaining tenderers (hereafter designated by “S” of Steyr and “M” of Mowag) were analyzed by the Technical Team and compared with the reference performance levels defined on each criterion. This work informed the evaluation of the two proposals by the Tender Commission, according to the tender regulations. The evaluation activities were developed in decision conferences in which the M-MACBETH decision support system (Bana Consulting, 2005) facilitated the comparison and scoring of the proposals in the evaluation criteria. Subsequently, the Tender Commission delivered the Preliminary Report of the Negotiation Phase, which was approved by the Minister of Defense in December 1st, 2004. PANDUR II was the selected vehicle (see http://www.army-guide.com/eng/product112.html).

Contract awarding


After hearing the two tenderers, the Final Report of the Negotiation Phase was issued by the Tender Commission and submitted to the approval of the MoD. The Final Report homologation occurred on December 6th, and with it the Contract was awarded to the S tenderer. After the conclusion of the wording review, two contracts were signed on February 15, 2005. The Tender Contract regarded the acquisition of 240 terrestrial AWV for the Army, and 20 amphibious AWV, for the Navy. Table 1 presents some data about the variants that were contracted. A second contract was signed addressing the supply of spare parts for scheduled and unscheduled maintenance, regarding a 10 years period in the life cycle of each AWV.


Table 1 – Contracted AWV Variants 


		Variant

		Terrestrial AWV


(Army)

		Amphibious AWV


(Navy)



		Infantry Carrier Vehicle

		105

		13



		Infantry Carrier with RWS Vehicle

		7

		-



		Command Post Vehicle

		16

		3



		Mortar Carrier

		31

		2



		Recovery Vehicle

		7

		-



		Medical Evacuation Vehicle

		10

		-



		Anti-tank Guided Missile Vehicle

		15

		2



		Mobile 30 mm System Vehicle

		30

		



		Reconnaissance Vehicle

		4

		-



		Engineer Squad Vehicle

		9

		-



		Armored Communications Vehicle

		6

		-



		Mobile 105mm Cannon Vehicle

		33 (optional)

		-



		Total AWV

		240 
+ 33 (optional)

		20





3. The Evaluation Process


3.1 Overview of the Evaluation Methodology

The evaluation criteria and of the respective weights should be announced to the potential tenderers. This was a legal obligation according to Portuguese law and it is now clear in the recent Directive 2009/81/EC of the European Parliament and of the Council of 13 July 2009 (on the coordination of procedures for the award of certain works contracts, supply contracts and service contracts by contracting authorities or entities in the fields of defense and security): “it is therefore the responsibility of the contracting authorities/entities to indicate the criteria for the award of the contract and the relative weighting given to each of those criteria, in sufficient time for tenderers to be aware of them when preparing their tenders” (page L 216/85 § 70).


It is well-known in the Decision Analysis literature (cf. Belton and Stewart, 2002) that weights have no operational meaning without reference to a specific multicriteria aggregation procedure. The evaluation of the proposals of the competitive bidding for acquisition of the 8x8 AWV was done by developing, with MACBETH, a hierarchical additive aggregation model: value scores are (directly or indirectly) assigned to each proposal and multiplied by the respective weights previously assigned to the criteria and those products are summed across all of the criteria, at the different levels of the value tree, to determine the overall value score of each proposal. MACBETH requires only qualitative (non-numerical) judgments of difference in attractiveness (value) in order to help weighting the criteria and scoring the proposals (Bana e Costa and Chagas, 2004). The use of a non-numerical pairwise comparison value-elicitation procedure distinguishes MACBETH from the numerical-based multicriteria decision analysis procedures for bid evaluation surveyed in Bana e Costa et al. (2008).


Methodologically, the MACBETH model building process, used in the context of the acquisition program of 8x8 AWV for the Portuguese Army and the Navy, can be described as a package of activities of Structuring, Weighting, Scoring and Recommending, developed during working sessions of the Technical Team and decision conferences with the Tender Commission, as presented with more detail hereafter.


3.2 Definition of the Evaluation Regulation


The Evaluation Regulation should include the screening and evaluation criteria, the reference performance levels on the evaluation criteria and their relative weights. A few value functions were also defined.

First structuring activity: defining screening criteria and evaluation criteria


For the 8x8 AWV Acquisition program it was assumed that all the 243 requirements defined on the Technical specifications of the Tender were mandatory. In this way, the screening or rejection criteria coincided with the mandatory requirements (also referred as the essential requirements of the 12 AWV variants.


As remarked by Bana e Costa et al. (2008) the evaluation criteria should be carefully selected; no additional criteria can legally be added after the bids are submitted.  Moreover, since proposals will be compared and scored in terms of their relative attractiveness with respect to each criterion individually, each criterion must be an independent evaluation axis.  This is the reason why several characteristics are often clustered into a single criterion rather than analyzed as independent criteria. The set of criteria should be consensual, and therefore exhaustive, but also concise and non-redundant.  In addition, each criterion should be specific and understandable and operational for the appraisal of bid performances.

The definition of the evaluation criteria started by identifying the requirements defined in the Technical Specifications that are deemed as deserving a specific evaluation, and other characteristics that, despite not being of mandatory inclusion in the offers, would introduce some degree of differentiation in the quality of the proposals. The identification of the criteria and the respective logical structuring in a value tree format (see Figure 3) was validated in a decision conference with a Tender Commission, supported by previous work by the Technical Team. 

The value tree integrates three levels of evaluation criteria – criteria, sub-criteria and sub-sub-criteria – that were weighted and on which proposals should be scored. Four top-level criteria appear immediately after the root node: ‘Aspects regarding Costs’, ‘Aspects regarding Offsets', ‘Aspects regarding Delivery Schedule' and ‘Aspects regarding Technical Requirements'. The first and third criteria have no children criteria; but there are 13 sub-criteria specifying the Delivery Schedule criterion, each one corresponding with a specific AWV mission objective. The structure of the tree under the Requirements criterion node is more complex, with three sub-criteria of ‘Operational’, ‘Technical (generic)’ and ‘Logistical’ Requirements, each one in turn parent of several sub-sub-criteria. Each of these sub-sub-criterion is a group of several more elementary requirements. These are intertwined characteristics that cannot be defined as isolated evaluation criteria. For example, the AWV value tree in zoomed in Figure 3 to show the  7 sub-sub-criteria that specify the ‘Operational Requirements’ and the 4 characteristics of the ‘AWV Combat System’ defined at two-lower levels. It is important to emphasize that the characteristics are not independent evaluation criteria and therefore they cannot be weighted nor can the proposals be scored separately on each of them.
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Figure 3 – Partial view of the AWV value tree.

Second structuring activity: Defining reference performance levels

Two reference performance levels of intrinsic value (‘were defined on each evaluation criterion. They convey and make operational the concept of neutral proposal (i.e., neither attractive nor repulsive) and of good proposal. The identification of the levels Good and Neutral:

· contributed to increase the intelligibility of the criteria;


· made possible to define the notion of intrinsic attractiveness of each proposal (in order to be categorized as very positive, positive or negative); and


· allowed to use a criteria weighting procedure, simultaneously adjusted to the specific characteristics of the competitive bidding and valid regarding the theoretical framework of additive value aggregation.


The reference levels were defined from bottom to up in the value tree. For example, Table 2 shows the ‘Good’ and ‘Neutral’ performances for each of the four characteristics of the ‘AWV Combat Systems’. Moving up one level in the tree, a Good (or Neutral) ‘AWV Combat Systems’ would be one with good (or neutral) performances in all the 4 characteristics (or another profile as attractive as this one). Multidimensional reference levels were defined in a similar way for all other sub-sub-criteria that are defined upon characteristics. And so on along the tree. Figure 4 shows the reference levels for the 4 evaluation criteria.


Table 2 – Example of the reference performance levels for the sub-sub-criterion ‘AWV Combat Systems’ 


		Characteristics

		GOOD

		NEUTRAL



		Time required for reloading the 12.7 mm Heavy Machine Gun

		Time required for reloading operations equals 2 minutes

		Time required for reloading operations equals 5 minutes



		Time required for replacing the weapon (12.7 mm Heavy Machine Gun and 40 mm Automatic Grenade Launcher)

		Time required for replacing operations equals 5 minutes (for the same type of weapons or for different types of weapons) 

		Time required for replacing operations equals 15 minutes (for the same type of weapons or for different types of weapons) 



		Time required for the alignment of the weapon and the aiming device

		Time required for alignment operations equals 5 minutes

		Time required for alignment operations equals 10 minutes



		Requirements for the missile system operator regarding the possibility of system operation by personnel that needs, or not, vision correction glasses 

		The system can be operated by personnel that needs vision correction glasses

		The system can only be operated by personnel that doesn’t need vision correction glasses





[image: image4.emf]

Figure 4 – Performance reference at the top-level of the value tree.

Of course, reference levels were directly specified for those sub-sub-criteria or sub-criteria or criteria that have no children. This is the less complex situation. On the other hand, when the degree of complexity is very high due to the presence of a significant number of intertwined characteristics, the definition of the reference levels can be facilitated by adopting the “determinants technique” proposed by Bana e Costa et al. (2002).

On the defined Evaluation Methodology, in each evaluation criterion, the Neutral level corresponded to a 0 (zero) score and the Good level to a 100 (one hundred) score.


The weighting activity

The process of weighting the evaluation criteria was developed in a hierarchical way, in decision conferences with the support of the M-MACBETH software. This enabled to construct an additive value model of type (1) to aggregate the scores vj(b) of each bid b in the n=4 criteria (j = 1, (, n) and calculate its overall score V(b).
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(1)

The reference performance levels in each criterion j are designated by goodj  and neutralj. They allow to determine the scaling factors kj – commonly known as “weighting coefficients” or relative “weights” – that in turn allow value units on different criteria to be transformed into overall value units, through some form of operationaling the notion of value trade-off: how much the Tender Commission considers necessary to improve the performance in one criterion to compensate a decrease of performance on another criterion.

Let us detail the MACBETH weighting process that took place at the top-level of the four valuation criteria. Firstly, to order the criteria weights, it was sufficient to ask the Tender Commission: “Consider a hypothetical proposal (N), with neutral performances in all criteria. If it were possible to improve the performance of N from neutral to good in only one criterion, maintaining all of the others at their neutral level, for which criterion would this swing be most attractive? And the next most attractive?” Repeating this question until no criteria are left, led directly to the order of importance of the swings and consequently, by model (1), to the order of the criteria weights. The evaluation criteria were therefore presented to the potential tenderers already in decreasing order of their relative weights:


1st Aspects regarding Costs;


2nd Aspects regarding Technical Requirements;


3rd Aspects regarding Offsets;


4th Aspects regarding Delivery Schedule.


Next, to estimate numerical values for the criteria weights with MACBETH, the Tender Commission started by making qualitative judgments about the relative importance of each one of the four swings from neutral to good. The judgements are expressed by choosing one of the MACBETH semantic categories (“very weak”, “weak”, “moderate”, “strong”, “very strong”, or “extreme” difference of attractiveness). Each judgement should reflect a collective view of increased overall attractiveness, and therefore judgmental disagreement or hesitation between two or more consecutive categories is allowed. The judgements were introduced in the last column of the MACBETH weighting judgments shown in Figure 5. Then, the Tender Commission was asked to fill in the rest of the matrix (if two criteria have the same weight, “no” is introduce in the matrix) by qualitatively judging, for each pair of criteria j and j’ with kj > kj’, the difference of overall attractiveness between swinging from neutral to good in j instead of swinging from neutral to good in j’ – that is, judging the difference of overall attractiveness between the hypothetical proposals bj (good in j and neutral in the other criteria) and bj’ (good in j’ and neutral in the other criteria). Each time a judgement was introduced into the matrix, the software automatically tested the consistency of all the judgments thereto made and offered suggestions to resolve inconsistencies when they arose. For the consistency matrix of judgments in Figure 4, MACBETH suggested numerical values for the weights, which were subsequently validated and adjusted by the Tender Commission within ranges compatible with the judgments elicited. The bar chart in Figure 5 shows the relative weighing (in percentages) finally defined for the four evaluation criteria.


In the case of the criterion “Aspects regarding Technical requirements”, this procedure was applied firstly for each group of sub-sub-criteria sharing the same parent sub-criterion, then for the group of seven sub-criteria.


The result of this work was used in the evaluation regulation, which constituted the Annex I to the Tender Program. This document described the Evaluation Methodology and listed the criteria, sub-criteria and sub-sub-criteria, as well as their relative weighting. For each relevant area the regulation also defined the characteristics to consider in the evaluation, as well as all of the reference good and neutral performances levels defined.
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Figure 5 – Using the M-MACBETH software in weighting the four top-level criteria.

3.3 Analysis and Evaluation Activities: Scoring the Proposals

After the reception of the final proposals and the respective formal analysis, the evaluation process was initiated with the verification of the fulfillment of the mandatory requirements (rejection criteria). Passed this phase, the evaluation of the proposals was conducted taking in account the established evaluation criteria. For this purpose, data regarding each of the characteristics defined in the evaluation regulation was compiled. The work progressed in decision conferences of the Tender Commission, for assessing, firstly, each proposal performance in relation to the reference performances Good and Neutral defined in the evaluation regulation. The proposals were then evaluated qualitatively regarding their attractiveness with respect to each criterional group of intertwined characteristics - typically a sub-sub-criterion.


Figure 6 illustrates a graph used to support the evaluation of the proposals on a “Technical Requirements” sub-sub-criterion with ten different characteristics (I to X). The graph contains two broken-lines, defining the profiles resulting from the analysis of the two proposals on each characteristic. Each vertical line refers to one characteristic, with three zones of intrinsic attractiveness: “negative proposal” (if worse that Neutral), “positive proposal” (if better than or indifferent to Neutral and worse than Good) and “very positive proposal” (if better or indifferent to Good).  Note in Figure 6 that the positioning of a proposal within a zone admits several nuances as, for instances, the qualification “below Neutral” in the negative zone, or the differentiation between “above Neutral” and “close to Good” in the positive zone.
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Figure 6 – Example of a support graph used for comparing the proposals on an evaluation 
criterion with multiple characteristics.

Based on the analyses done for the characteristics of a sub-sub-criterion, the Tender Commission pairwise compared the proposals and the two reference levels, making MACBETH judgments at the level of the sub-sub-criterion. Thus, for each sub-sub-criterion (or for each criterion or sub-criterion with no children criterion) a matrix of qualitative MACBETH judgments was filled, the consistency of the judgments was verified and scores were assigned to the proposals, as illustrated in Figure 7.
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Figure 7 – Example of a MACBETH evaluation of proposals.


The application of model (1) to the scores of each proposal on the sub-sub-criteria of each of the three Requirements sub-criteria, taking in account the relative weights of the respective sub-sub-criteria, resulted in three aggregated scores for each proposal on each one of those three sub-criteria. Finally, applying again model (1) for the three aggregated scores, taking into account the relative weights of the three sub-criteria, enable to calculate the overall score of each proposal on the “Technical Requirements” criterion.


A consistent MACBETH matrix of judgments of difference in attractiveness on the criterion ‘Aspects regarding Costs’ enabled the scoring of the proposals on this criterion. In what concerns the ‘Aspects regarding Offsets' criterion the scores of the proposals were calculated by a linear value functions defined upon ‘Offsets scores’ calculated by the “Offsets Commission” using a specific model establish by law. Also, value functions defined for the 13 sub-criteria of ‘Delivery Schedule’ criterion enabled to score the options at this sub-level and then model (1) was applied to calculate proposals’ scores on ‘Delivery Schedule’. Of course, the value functions were defined in the Evaluation Regulation.

Finally, the application of model (1) to the scores of each proposal on the four top-level evaluation criteria, taking in account the respective weights, resulted in the global score of each proposal, as shown in Figure 8. This Figure shows that the difference between the global scores of the two proposals was about 10 overall value units, that is, about 10% of the scoring difference between a Good hypothetical proposal and a Neutral hypothetical proposal.
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Figure 8 – Calculating the global scores of the proposals.

3.4 Validation and the Recommendation Activities

At the end, the results were validated by analyzing their sensitivity and robustness to variations in several parameters of the evaluation model constructed. For instances, it was analyzed the effect in the global ranking of the Proposals of changing the relative weight of the Requirements criterion, since this was the only criterion where the Tenderer with the less attractive proposal presented a more attractive evaluation. The conclusion of the analysis was that the most attractive proposal would only loose its first place if the weighting coefficient of the factor “Aspects regarding Technical requirements” would become larger than 57.5% (see Figure 9). 

All considered, it was possible to confirm that the choice of best proposal based on the judgments issued by the Tender Commission and from the application of the evaluation methodology was a robust decision. Thus, the Commission wrote the Preliminary Report of the Negotiations Phase that, after the ministerial homologation and a period of Tenderers Hearing, resulted in the Final Report of the Negotiations Phase. With the homologation of the Final Report, the Tender was adjudicated to the Tenderer that presented the globally more attractive proposal.


Still regarding the Evaluation Methodology, the criterion “Aspects regarding Costs” included the cost of a contract for the supply of spare parts of the power train for all AWV. The terms and the conditions for such contract were defined, ab initio, in the Tender Program. The Portuguese State reserved the right to sign a contract based on such proposed conditions. Since the conditions submitted by the Tenderer who presented the best global proposal were considered advantageous for the State, the final decision was to sign a second Contract for the Supply of Spare Parts for the AWV, covering a 10 years period of the life of each vehicle.
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Figure 9 – Weighting sensitivity analysis on Requirements.


4. Conclusion


The legislation forces public tenders for acquisition of goods and services to include an evaluation regulation that guarantees the rigor and transparency of the decision making process. However, no specific methodologies of evaluation are imposed. In the process regarding the Program of Acquisition of 8x8 AWV for the Army and the Navy, it was adopted the MACBETH approach, which is characterized by a participatory group decision making process, based on the analysis of the attractiveness of the proposals submitted by the tenderers. Thus being, the application of this approach compels the decision makers to become actively involved in the evaluation of all the relevant characteristics of the proposal, through discussion sessions intended to the judgment of the proposals. This socio-technical process favors the raise of awareness about the implications of each option. This approach also offers methodological consistency and means to assess the robustness of the results. In fact, the MACBETH methodology has been adopted, at national and international level, in several large Public Tenders.


It is noteworthy that, through this logistic process, it was successfully concluded the award of a major joint program intended to equip the Portuguese Armed Forces, which dealt not only with the problem of acquisition of equipment, but also with the problem of their support over a significant part of life cycle.

After this Tender some other Defense Tenders have been conducted or prepared at the MoD using the MACBETH approach to support the definition of the Evaluation Regulation and of the decision-making process.
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ABSTRACT


Military Acquisition can be defined as to manage a nation's investments in technologies, programs, and product support necessary to achieve its National Security Strategy and support its Armed Forces. In today’s increasingly complex acquisition environment, program managers are faced with the challenge of deftly commanding the skilled resources necessary to run successful programs. In that context, the main objective of military acquisition is to rapidly acquire quality products that satisfy military needs with measurable improvements to mission capability at a fair and reasonable price. Military acquisition makes people consider the product or service for all of its life-cycle. This is a long and complex process. During this process, a lot of criteria must be taken into account, a lot of different perspectives have to be considered and a lot of decisions have to be taken. Because of these reasons, decision support methodologies and tools will play an important role in military acquisition. Decision support activities related to military acquisition can range from identification of needs to the maintaining of the equipment used in the field. In this study, we survey the literature related to decision support method and methodologies that can be used in acquisition of military equipment.

1.0.
Problem Definition and Methodology 


1.1.
Literature Review Methodology

“Decision Support Methodologies for Acquisition of Military Equipment” theme is decomposed into phrases in order to cover all the aspects. The phrases analyzed in this study can be listed as follows: Decision, decision making, decision support, decision support methodologies, acquisition, military acquisition, equipment, and military equipment. The literature review, which is focused on academic and practical aspects, is carried out with respect to each phrase.  Each academic reference included in the literature review is categorized in order to answer what type of problem or issue is analyzed, which methodology is used and what types of decisions are made. Practical aspect of the literature review is focused on the sources found on the internet. 


1.2.
Decision, decision making and decision support

Even though there is no standard definition for the term “decision”, it can be stated as “a choice or judgment made about something” [1], [2]. The term “something” refers to “the acquisition of military equipment” in our study. The choices must be defined in such an analytical manner that all the areas related to the acquisition of military equipment must be touched and connected with each other. The only way to do so is to control and manage the decision making process, which is a process of choosing among alternative course of action for the purpose of attaining a goal or goals [3]. 


Simon’s 4 phases of Decision Making, which consist of intelligence, design, choice and implementation phases, is depicted below Figure-1. 
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Figure 1 Simon’s 4 phases of Decision Making

Simon’s model is the most concise and yet complete characterization of rational decision-making [3].  It is the reason why Simon’s model is used for the study. The explanation of each phase, which is mainly based on Turban textbook, is equipped with the “acquisition of military equipment” issue.


The intelligence phase involves scanning the environment, either intermittently or continuously. It includes several activities aimed at identifying situations or opportunities. This phase may also include monitoring the results of the implementation phase of a decision making process. The intelligence phase begins with the identification of organizational goals and objectives related to “acquisition of military equipment”. It is not easy task to identify or accept the existence of the problem itself. The problem is identified either by decision makers who detects the difference between what is expected and what is done or by the successive analysis. There are still a lot to do such as data collection, problem classification, problem decomposition etc.  Routine and repetitive problems call for standard (programmed) models and decisions whereas such problems as acquisition require nonstandard (nonprogrammed) models. Every acquisition of military equipment may differ in many aspects like available budget, quantity, emergency, readiness of national industrial capability, etc. 


The design phase involves finding or developing and analyzing possible course of action. These include understanding the problem and testing solutions for feasibility. A model of the decision making problem is constructed, tested, and validated. 


The choice phase is the one in which the actual decision is made and where the commitment to follow a certain course of action is made. The other words; the choice phase includes the search, evaluation, and recommendation of an appropriate solution to the model. The solution to the model yields a recommendable solution to the problem. The problem is considered solved only if the recommended solution is successfully implemented. 


The implementation phase, which includes the implementation of a proposed solution to a problem, is the initiation of a new order of things or the introduction of change, which must be managed.  


1.3.
Internet Resources about Defence Acquisiton and Decision Support Systems


This section is all about practical aspect of the topic, which is found on the internet by all users. 


Military Acquisition manages a nation's investments in technologies, programs, and product support necessary to achieve its National Security Strategy and support its Armed Forces. In that context, its objective is to rapidly acquire quality products that satisfy user needs with measurable improvements to mission capability at a fair and reasonable price [4]. Military equipment can be defined as anything that helps to achieve Natioanl Security and support Armed Forces. In other words; the term “military equipment” covers aircraft, ship, ordonance, ground vehicle, weapon, electronic equipment etc.  


There are a lot of reports related to military acquisition carried out by RAND Corporation [5] whose mission is to help improve policy and decisionmaking through research and analysis. 

According to the Defence Acquisition Portal [6]; US DoD Decision Support Systems, the detailed information is in the Appendix-B, has three principal decision-making support systems, which are Defense Acquisition System (DAS) [7], Joint Capabilities Integration and Development Systems (JCIDS) [8] and The Planning, Programming, Budgeting, and Execution (PPBE) [9] Process. Together, the systems provide an integrated approach to strategic planning, capabilities needs assessment, systems acquisition, and program and budget development. 


Defence Acquistion Guide Book [11] allows you to get information about acquisition in depth. 


The National Technical Information Service (NTIS) serves as the largest central resource for government-funded scientific, technical, engineering, and business related information available today [12]. The web page allows you to search 350 topics areas along with the military sciences.


Hemant and et.al.surveyed the decision support tools which are listed in Appendix-C [45].   . 

James Swain conducted a survey result, which includes commertial simulation tools, their application areas and vendors contact information, in Appendix-D [46].  


1.4.
Academic Resources about Defence Acquisiton and Decision Support Systems


While doing the literature review, RAND reports are taken as a major resource in the analysis.  


2.0
Academic Resources about Defence Acquisiton and Decision Support Systems


RAND [5] web page is searched and findings in the list of “A Bibliography of Selected RAND Publications (1985-1999) and (2000-2005)” are listed in Appendix-A. The list consists of 29 studies which are presented in the order of number, article number, article title, decision issue (the research topic) and the results came out of the study and decision methods and methodologies used. Key results related to 29 studyies, details in the Appendix-A, can be summarized as follows. 

MR-749-AF suggests the exceptional degree of flexibility and responsiveness in decision making and greater delegation of authority to the program office and requiring only a very few performance requirements by contract are the key points. 


R-2908/2A suggests accelerate advancement of R&M related avionics technologies, Improve the ability to test avionics equipment, Provide more complete feedback on equipment performance, Institute maturational development, Reorganize avionics engineering resources are the key points.


MR-876-OSD suggests an analytic tool to compare historical trends in the number, duration, and factors affecting.

MR-809-DARPA suggests a streamline program management within functional areas by adopting Integrated Product and Process Development (IPPD), Advanced Concept Technology Demonstration (ACTD) should be carried out to warfighters in an accelerated fashion, cost constraint and acquisition waivers are applied different from the traditional acquisition process, such as reducing the barriers to entry, flexibility in acquisition-specific law and related-regulations are the key points.

MR-899-OSD suggests confident, effective and innovative individuals are critical to the ACTD process, the lead service in the ACTD must ensure proper test and logistics planning, and (3) war fighters should participate into the ACTD from star to finish and being stakeholders in the product. Planning discussions must involve operational users, lead-service peronnel, and acquisition experts who can assess functional areas such as test, logistics, engineering, and affordability. Test lead service organization in the ACTD (1) resolve any misunderstanding of requirement among developers and warfighters, (2) help define quantitative system specification, and (3) facilitate transition of the ACTD to the acquisition process

MR-1030-DARPA suggests the use of a relatively few broad performance goals in describing desired system capabilities, giving full design responsibility to the competing contractor teams (by excluding GFE from the program), using a small joint program office, designating affordability as the only requirement, and putting an emphasis on a small crew, execute the program by focusing on the operational performance of the weapons system instead of demonstrating engineering performance through detailed specifications. 


MR-1054-DARPA suggests a mechanism for government intervention to deal with contractor weaknesses--such as a lack of software development expertise--should be incorporated into future government-industry relationships of this type, overcoming the cultural impediment to early user involvement, program risks need to be clearly identified early on and a plan developed to manage them and future programs should go beyond the concept of a unit flyaway price (UFP) as a single goal; once bounded, cost, schedule, and performance should all be stated goals.


R-3333-AF suggests actions are needed that will (1) correct chronic problems in the expression of operational suitability needs and requirements, (2) address the problem of fragmented operational requirements documentation, (3) expand contractual accountability for reliability-and-maintainability and logistics-support characteristics, (4) adjust acquisition policies to enhance T&E's contribution to decisionmaking and to the identification and correction of deficiencies, (5) structure tests to demonstrate new operating concepts and capabilities. 


R-3373-AF/RC suggest improving the requirement formulation process, making early development more austere, separating critical subsystem development from platform development, encouraging austere prototyping, improving the transition from full-scale development to production, focusing more attention on upgrading fielded systems, and stimulating plant modernization and production flexibility. 


R-3578-ACQ suggest the control methods such as the burden of reporting, support for audits etc. seem likely to incur certain dolar costs, but nt to cause serious delays nor to affect major program decisions and the imposition of shall/shall not constraints make up of bulk regulations, which warrants further analysis.

R-4107-P&L/DAG/JS suggests that tradeoffs must be made between combat effectiveness and transportability from the user perspective. In addition to that, analyses of the relevant tradeoffs must be made more explicitly.


R-3121-AF finds that the military and commercial programs are organized and managed in much the same way and that both produce well-functioning, useful spacecraft. On the other hand; in carefully selected situations, there should be a place for the performance-oriented INTELSAT management practices.


R-3937-ACQ shows that, although there are large variations in the duration of programs in each decade, the time to design and develop programs has apparently lengthened. There is no single, narrowly focused policy option that would reduce the length of the acquisition cycle. Rather, coordination of several different initiatives such as DoD and Congress is necessary.  The authors found no strong association among the length of the plan, the factors affecting the plan, and the actual schedule outcome.

N-2209-AF study demonstrates that by far the most important consideration in deciding whether to lease or buy MILSATCOM systems is the cost of risk-bearing, an issue that has largely been ignored in the public debate: under a purchase, risks are borne by taxpayers, whereas under a lease, they are borne by the shareholders of defense contractors. 


N-2283/1-AF finds that a single set of equations was selected as being the most representative and applicable to the widest range of estimating situations. For all mission types, the equation set uses empty weight and speed as the basic size-performance variable combination. 


N-2479-AF study concludes that warranties can have a positive effect on selected acquisition programs. Analysis of pre-law warranties suggests that factors contributing to warranty success include specific, easily measurable objectives; explicit contractor incentives and remedies; explicit government duties; and reasonable prices and expectations. An initial survey of post-law warranties, however, reveals that many warranties do not appear to adequately detail either their objectives or the remedies to be applied if those objectives are not met. 


N-2599-ACQ study presents chronologies drawn from the unclassified literature which cover the data of 50 aircraft, 24 helicopters, and 53 missiles developed since the mid-1940s. A limited analysis tenuously supports the idea that the period from the beginning of the demonstration-and-validation phase to the start of fullscale development has been lengthening over the past three decades. 


N-2864-P&L Particular emphasis is placed on the description of the models used by the U.S. Army Concepts Analysis Agency to estimate the conventional munitions war reserve resupply requirements, which represent the bulk of the total requirement.  The author makes several suggestions for improving the requirements estimation and procurement processes, which should be altered to analyze investment options other than larger stockpiles to respond to the variability and/or uncertainty associated with the wartime demand for munitions.  The author also suggests a structure for a measure that stresses the critical early stages of a conflict and allows munitions planners to quantify their preferences for the mix of munitions to be produced. 


N-3136-AF problems are failure of some programs to use a consistent baseline cost estimate, exclusion of some significant elements of cost, exclusion of certain classes of major programs, and constantly changing preparation guidelines. Nevertheless, the author concludes that SAR data are suitable for identifying broad-based trends and temporal patterns across a range of programs. 


N-3618-AF study concludes that four factors were important in the assessment and management of risk and thus in the exceptional success of these development programs: (1) the low level of technological risk posed by the derivative developments undertaken, (2) the use of competition to motivate the contractors, (3) the considerable experience of the managers overseeing the developments, and (4) the nature of the contracts. 


N-3620-AF study concludes that external oversight can be counterproductive as it raises the likelihood that the system must respond to forces having little to do with performance or management. For example, overselling the program at the beginning can lead to serious difficulties when the inevitable technical problems make system performance and management look poor in relation to the original promises. In addition, formal structures and procedures designed to reduce uncertainty cannot be relied on to counter optimistic estimates of performance, schedule, or cost. Finally, he concludes that concurrent development programs and fixed price contracts are inappropriate for technically risky programs. 


RGSD-140 suggest that a multi-method research approach was employed, using both expert interviews and a survey of Army personnel. Using causal modeling techniques (latent variable analysis), it was determined that reform behavior within the Army acquisition work force is determined by: (1) employee attitudes toward the reform, and (2) their perceptions of behavioral control. In addition, multiple regression analysis of these factors revealed that attitudes and control perceptions vary based on the functional perspectives of acquisition employees. Three conclusions emerged: (1) Resistant employees are less likely to believe that the elimination of milspecs and standards will result in positive programmatic outcomes; (2) resistant employees were much more likely to view training and communications efforts as inadequate; and (3) current training efforts are effective in changing underlying attitudes. This study presented two overarching recommendations: (1) Use and improve existing training programs; and (2) target implementation efforts to the resistant elements of the work force, focusing on changing the beliefs and perceptions important in attitude and control perception formation.


P-7169 study illustrates the statistical risk facing both the military purchaser and the contractor from testing less, and conversely, the gains in statistical confidence from testing more. It considers two basically different kinds of reliability: (1) binomial processes, where "success" or "failure" are defined and testing is required to estimate the probability of their occurrence and (2) time-to-failure reliability, where "failure" is defined and the times when failures occur are recorded. The author concludes that both these approaches are likely to require some increase in the size of test programs. 


P-7252 study suggest that the key to more supportable avionics lies in an approach to acquisition and support that begins with the equipment's concept exploration stage and follows through the equipment's full life of service. This paper discusses contemporary challenges to avionics supportability and proposes changes to acquisition and support processes that should be beneficial to supportability. It then shows how certain tradeoffs between performance and supportability at the concept formulation stage could enhance the benefits of the proposed changes.


P-7352 study suggest that the traditional measures of effectiveness for major system acquisitions are cost growth, schedule slippage, performance shortfalls, and fielding times. These measures, given our current ability to quantify them, do not tell the whole story about the effectiveness of defense acquisition, but they do give important insights.

P-7359-RGS study discusses what are the the major driving forces in Soviet weapons acquisition and includes evaluations of the aircraft by Western experts and a comparison between the development timelines 


P-7417 study maps out the major components of the DoD management system and outlines their relationship to each other and to the acquisition subsystem. The paper then identifies sets of issues related to each component. The author suggests that future acquisition reform efforts should emphasize other components of the system, rather than the acquisition process itself. 


P-7757 study describes an analytic approach to determining how much testing and demonstration are enough and applies it to the B-2 bomber development and flight test program.

Table 1 A Bibliography of Selected RAND Publications (1985-1999) and (2000-2005)


		

		

		

		Decision Making/Modelling Process Phases



		No

		Article Number

		Article Title

		Intelligence

		Design

		Choice

		Implementation



		1

		MR-749-AF 

		App.of F-117 Acq.Strategy to Other Programs in the New Acq. Environment. 

		

		x

		x

		x



		2

		R-2908/2

		A Strategy for Reforming Avionics Acquisition and Support  

		

		x

		

		



		3

		MR-876-OSD

		The Use of Baselining in Acquisition Program Management.

		x

		

		

		x



		4

		MR-809-DARPA

		The Global Hawk Unmanned Aerial Vehicle Acquisition Process: A Summary of Phase 1 Experience.

		x

		

		

		x



		5

		MR-899-OSD

		The Predator ACTD: A Case Study for Transition Planning to the Formal Acquisition Process.

		

		

		

		x



		6

		MR-1030-DARPA

		The Arsenal Ship Acquisition Process Experience: Contrasting and Common


Impressions from the Contractor Teams and Joint Program Office..

		x

		x

		x

		



		7

		MR-1054-DARPA

		Innovative Management in the DARPA High Altitude Endurance Unmanned Aerial Vehicle Program: Phase II Experience

		x

		x

		

		



		8

		 R-3121-AF

		Commercial and Military Communication Satellite Acquisition Practices.

		

		

		x

		x



		9

		R-3333-AF

		Improving Operational Suitability Through Better Requirements and Testing.

		x

		

		x

		



		10

		R-3373-AF/RC

		Improving the Military Acquisition Process: Lessons from Rand Research.

		x

		x

		x

		x



		11

		R-3578-ACQ

		A Preliminary Perspective on Regulatory Activities and Effects in Weapons Acquisition.

		x

		

		

		x



		12

		R-3937-ACQ

		An Analysis of Weapon System Acquisition Schedules.

		x

		x

		x

		x



		13

		R-4107-P&L/ DAG/JS

		Transportability in the Defense Department Research, Development, and Acquisition Process.

		

		x

		x

		



		14

		R-4161-ACQ

		The Nature and Role of Prototyping in Weapon System Development.

		x

		x

		x

		x



		

		

		

		

		

		

		



		15

		N-2209-AF

		Improving MILSATCOM Acquisition Outcomes: Lease Versus Buy.

		

		

		x

		



		16

		N-2283/1-AF

		Aircraft Airframe Cost Estimating Relationships: All Mission Types.

		x

		x

		

		



		17

		N-2479-AF

		Warranties for Weapons: Theory and Initial Assessment.

		

		

		

		x



		18

		N-2599-ACQ

		Aerospace Weapon System Acquisition Milestones: A Database.

		x

		x

		x

		x



		19

		N-2864-P&L

		The Army's Conventional Munitions Acquisition Process. 

		x

		x

		x

		x



		20

		N-3136-AF

		Pitfalls in Calculating Cost Growth from Selected Acquisition Reports. 

		x

		x

		x

		



		21

		N-3618-AF

		The Development of the F100-PW-220 and F110-GE-100 Engines: A Case Study of Risk Assessment and Risk Management.

		x

		

		

		



		22

		N-3620-AF

		The Development of the Advanced Medium-Range Air-to-Air Missile: A Case Study of Risk and Reward in Weapon System Acquisition. 

		

		

		

		x



		23

		RGSD-140

		Friend or Foe? Bureaucratic Behavior and Acquisition Reform in the U.S. Army.

		

		

		

		x



		24

		P-7169

		Estimates of Reliability During the Test and Evaluation Stage: Some Methodological Observations.

		

		

		x

		x



		25

		P-7252

		Improving Avionics Acquisition and Support from Conceptualization Through Operations

		x

		x

		x

		x



		26

		P-7352

		Thoughts on Reforming the Military Acquisition Process.

		x

		x

		x

		x



		27

		P-7359-RGS

		MiG-21 Fishbed: A Case Study in Soviet Weapons Acquisition.

		x

		x

		x

		x



		28

		P-7417

		Killing the Messenger: The Place of Systems Acquisition in the National Security Planning and Management Systems

		x

		x

		x

		x



		29

		P-7757

		When Should We Start High-Rate Production of the B-2? An Analysis Based on Flight Test Results.

		

		

		x

		x





When the results and methods used in the reports are categorized with respect to Decision Making/
Modelling Process Phases, it is concluded that the reports are almost equally distributed over the phases. In other words, there are enough reports related to almost all of the phases. 


The todays the main component of US DoD Acquistion System attributes such as de-centralized, flexible, innovation, and streamlined acquisition processes can be found in the RAND studies. 


3.0
The Result


It is the fact that the decision support analysis for military equipment requires a lot of efforts carried out many organizations such as decision maker, policy maker, user, military procedures directives. 


In this study the internet resources along with the academic resources especially RAND corporation studies are analyzed. The RAND reports are categorized with respect to research topic/question, the methods used and the results got.


It is concluded that RAND reports are one of the main inputs into the US DoD acquisition policy and documentation.
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Appendix-A – Literature Review on Decision Support 
Methodologies for Acquisition of Military Equipment


		No

		Article
Number

		Title

		Decision Issue

		Result, Methods&Methodology



		1

		MR-749-AF

		Application of F-117 Acquisition Strategy to Other Programs in the New Acquisition Environment.

		To test whether special access or "black" programs accommodate more efficient and effective ways to buy weapon systems than do conventional acquisition programs.

		A central aspect of F-117 acquisition was the exceptional degree of flexibility and responsiveness in decision making.


Greater delegation of authority to the program office and requiring only a very few performance requirements by contract. 



		2

		R-2908/2A

		Strategy for Reforming Avionics Acquisition and Support .

		Assess progress to date as manifested by the performance of fielded equipment and identify areas of needed improvement


Define and examine alternative ways of achieving needed improvements.

		Accelerate advancement of R&M related avionics technologies


Improve the ability to test avionics equipment


Provide more complete feedback on equipment performance


Institute maturational development


Reorganize avionics engineering resources 



		3

		MR-876-OSD

		The Use of Baselining in Acquisition Program Management.

		All major weapon system programs establish a program baseline early in the acquisition cycle which sets forth cost, schedule, and performance targets. If the thresholds are exceeded, a review and assessment procedure is initiated in an attempt to understand why the threshold was "breached" and how the program can be brought back on track.

		Develop an analytic tool to compare historical trends in the number, duration, and factors affecting 


Study the relationship between program acquisition life-cycles and the factors affecting deviations from program baselines.



		4

		MR-809-DARPA

		The Global Hawk Unmanned Aerial Vehicle Acquisition Process: A Summary of Phase 1 Experience.

		This study will examine how the various innovations in acquisition management methods affect the program outcomes and how the lessons of these projects might be applied to a wider variety of projects to improve Department of Defense acquisition strategies.

		Contractor, in collaboration with the government, institute a streamline program management within functional areas by adopting Integrated Product and Process Development (IPPD)


Advanced Concept Technology Demonstration (ACTD), which is program intended to demonstrate mature or maturing technologies to warfighters in an accelerated fashion.


There is an upper limit in terms of cost that all contractor should be stayed within limits.


Acquisition waivers are applied different from the traditional acquisition process, such as reducing the barriers to entry, flexibility in acquisition-specific law and related-regulations.



		5

		MR-899-OSD

		The Predator ACTD: A Case Study for Transition Planning to the Formal Acquisition Process.




		What were the overarching lessons learned from the Predator Advanced Concept Technology Demonstration (ACTD)?


Which lessons can be generalized and applied to other ACTD programs?

		The predator was one of the first ACTDs to be completed and also to make the transition to the formal acquisition process. It therefore provides a unique opportunity to study the ACTD process for issues and lessons learned.


Given the necessarily fast pace of the ACTD process, confident, effective and innovative individuals are critical to the success of a program.


The lead service must be selected early in the ACTD process to ensure that (1) proper test and logistics planning occurs, (2) operational requirements are identified, and (3) war fighters should participate into the ACTD from star to finish and being stakeholders in the product.


Test lead service organization (1) resolve any misunderstanding of requirement among developers and warfighters, (2) help define quantitative system specification, and (3) facilitate transition of the ACTD to the acquisition process.


Planning discussions must involve operational users, lead-service peronnel, and acquisition experts who can assess functional areas such as test, logistics, engineering, and affordability.



		6

		MR-1030-DARPA

		The Arsenal Ship Acquisition Process Experience: Contrasting and Common


Impressions from the Contractor Teams and Joint Program Office..

		The Arsenal Ship acquisition program was unique in two respects: it represented a new operational concept for Navy weapon systems, and its management structure and process represented a significant departure from traditional military ship-building programs.

		The use of a relatively few broad performance goals in describing desired system capabilities


Giving full design responsibility to the competing contractor teams (by excluding GFE from the program)


Using a small joint program office


Designating affordability as the only requirement, and putting an emphasis on a small crew


Execute the program by focusing on the operational performance of the weapons system instead of demonstrating engineering performance through detailed specifications.



		7

		MR-1054-DARPA

		Innovative Management in the DARPA High Altitude Endurance Unmanned Aerial


Vehicle Program: Phase II Experience

		The program's development phase for the Global Hawk and DarkStar air vehicles is analyzed in this research.

		While not applicable to all acquisition programs, the strategy used in the program is an effective alternative to traditional acquisition processes, one that can be enhanced in several ways. 


First, a mechanism for government intervention to deal with contractor weaknesses--such as a lack of software development expertise--should be incorporated into future government-industry relationships of this type. 


Second, to overcome the cultural impediment to early user involvement, the mechanisms for such involvement should be more formalized. 


Third, program risks need to be clearly identified early on and a plan developed to manage them. 


Finally, future programs should go beyond the concept of a unit flyaway price (UFP) as a single goal; once bounded, cost, schedule, and performance should all be stated goals, though the resulting trade space must be large enough to allow credible trade-offs. 



		8

		R-3121-AF

		Commercial and Military Communication Satellite Acquisition Practices. 

		Examine management practices and program outcomes associated with the acquisition of communication satellites by the Air Force and by the International Telecommunications Satellite Organization (INTELSAT).

		The study finds that the military and commercial programs are organized and managed in much the same way and that both produce well-functioning, useful spacecraft.


It concludes that, in carefully selected situations, there should be a place for the performance-oriented INTELSAT management practices.



		9

		R-3333-AF

		Improving Operational Suitability Through Better Requirements and Testing. 

		Identify action that could increase the contribution contribution made by requirements and test-and-evaluation (T&E) aspects of the weapon system acquisition process.

		Actions are needed that will


(1) correct chronic problems in the expression of operational suitability needs and requirements, 


(2) address the problem of fragmented operational requirements documentation, 


(3) expand contractual accountability for reliability-and-maintainability and logistics-support characteristics, 


(4) adjust acquisition policies to enhance T&E's contribution to decisionmaking and to the identification and correction of deficiencies,


(5) structure tests to demonstrate new operating concepts and capabilities. These actions could facilitate the consideration of suitability factors in acquisition process activities that address difficult tradeoffs among operational suitability, functional performance, cost, and development time.



		10

		R-3373-AF/RC

		Improving the Military Acquisition Process: Lessons from Rand Research. 

		Drawing on more than 30 years of RAND research, evaluates past experience with defense development and production, identifies trends that will affect future acquisition activity, and recommends improvements in the acquisition process to meet future challenges.

		Improve the requirementformulation process, 


Make early development more austere, 


Separate critical subsystem development from platform development, 


Encourage austere prototyping, 


Improve the transition from full-scale development to production, 


Focus more attention on upgrading fielded systems, 


Stimulate plant modernization and production flexibility.



		11

		R-3578-ACQ

		A Preliminary Perspective on Regulatory Activities and Effects in Weapons Acquisition.

		This report presents quantitative analyses of the effects of regulations and controls on management practices and overall outcomes of weapons acquisition projects.

		The control methods such as the burden of reporting, support for audits etc. seem likely to incur certain dolar costs, but nt to cause serious delays nor to affect major program decisions.


The imposition of shall/shall not constraints make up of bulk regulations. These class of regulations warrants further analysis.



		12

		R-3937-ACQ

		An Analysis of Weapon System Acquisition Schedules. 

		This study identifies the major factors controlling the pace of typical weapon acquisition programs and suggests reforms that may yield overall benefits through reduction of typical development time.

		Results of the analysis show that, although there are large variations in the duration of programs in each decade, the time to design and develop programs has apparently lengthened. 


There is no single, narrowly focused policy option that would reduce the length of the acquisition cycle. Rather, coordination of several different initiatives such as DoD and Congress is necessary. 


The authors found no strong association among the length of the plan, the factors affecting the plan, and the actual schedule outcome, suggesting that programs with fairly short plans can, in some circumstances, have successful schedule outcomes.



		13

		R-4107-P&L/DAG/JS

		Transportability in the Defense Department Research, Development, and Acquisition Process. 

		This study considers the formal role that transportability plays in the Department of Defense (DoD) research, development, and acquisition (RDA) process. 

		Tradeoffs must be made between combat effectiveness and transportability.

The authors recommend asking the tradeoff question from the user perspective, and making analyses of the relevant tradeoffs more explicit. They recommend further that extra transport or lift costs associated with a system in the RDA process be charged against procurement budgets for that system. 


They also suggest that financial incentives be used for creation and comparative evaluation of alternative parameter packages by contractors, the Military Traffic Management Command, and the theater commanders



		14

		R-4161-ACQ

		The Nature and Role of Prototyping in Weapon System Development. 

		This report examines the general nature of prototyping, develops an analytical framework for thinking about prototyping in weapon system development, and analyzes past and present prototyping programs within this framework.

		This analysis suggests that program-specific characteristics and the characteristics of the acquisition environment vary so widely that no generic criteria are apparent for determining whether or not to prototype or the kind of prototyping strategy to pursue. Thus, it is neither possible nor desirable to develop a set of firm decision rules. In the end, there is no substitute for informed judgment made by experienced managers and engineers.



		15

		N-2209-AF

		Improving MILSATCOM Acquisition Outcomes: Lease Versus Buy. 

		Over the next decade, military satellite communication (MILSATCOM) systems will cost taxpayers billions of dollars. The magnitude of these costs and their istribution in the economy will be directly affected by whether public policymakers choose to lease or to buy these systems.

		The analysis demonstrates that by far the most important consideration in deciding whether to lease or buy MILSATCOM systems is the cost of risk-bearing, an issue that has largely been ignored in the public debate: under a purchase, risks are borne by taxpayers, whereas under a lease, they are borne by the shareholders of defense contractors.



		16

		N-2283/1-AF

		Aircraft Airframe Cost Estimating Relationships: All Mission Types. 

		This Note is part of a series that derives a set of equations suitable for estimating the acquisition costs of various types of aircraft airframes in the absence of detailed design and manufacturing information.

		A single set of equations was selected as being the most representative and applicable to the widest range of estimating situations. For all mission types, the equation set uses empty weight and speed as the basic size-performance variable combination.



		17

		N-2479-AF

		Warranties for Weapons: Theory and Initial Assessment.

		What is the effect of warranties on the major weapons? Warranties have been selectively applied to weapon systems acquisition over several decades. However, in 1983 Congress passed the first law requiring that military contractors provide warranties on all major weapons sold to the Services. Such blanket application raises issues both of tailoring warranties to the wide range of weapons and acquisition environments and of proper implementation policy and procedural guidelines.

		This study concludes that warranties can have a positive effect on selected acquisition programs. Analysis of pre-law warranties suggests that factors contributing to warranty success include specific, easily measurable objectives; explicit contractor incentives and remedies; explicit government duties; and reasonable prices and expectations. 


An initial survey of post-law warranties, however, reveals that many warranties do not appear to adequately detail either their objectives or the remedies to be applied if those objectives are not met.



		18

		N-2599-ACQ

		Aerospace Weapon System Acquisition Milestones: A Database. 

		Critics of the weapons acquisition process have often asserted that it takes too long to achieve new operational capabilities. These declarations are seldom accompanied by quantitative evidence.

		It presents chronologies drawn from the unclassified literature and supplemented by data collected through direct contacts with project personnel.  The data cover 50 aircraft, 24 helicopters, and 53 missiles developed since the mid-1940s. A limited analysis tenuously supports the idea that the period from the beginning of the demonstration-and-validation phase to the start of fullscale development has been lengthening over the past three decades.



		19

		N-2864-P&L

		The Army's Conventional Munitions


Acquisition Process. K. Girardini. 1989.

		This Note describes the Army's conventional munitions acquisition process from the generation of the estimate of the requirements for munitions to the decisions on what mix of munitions will actually be funded.

		Particular emphasis is placed on the description of the models used by the U.S. Army Concepts Analysis Agency to estimate the conventional munitions war reserve resupply requirements, which represent the bulk of the total requirement.  The author describes the models used to simulate a theater conflict and the methodology used to combine the results of the models. He also makes several suggestions for improving the requirements estimation and procurement processes.  The author recommends that the current procurement process be altered to analyze investment options other than larger stockpiles to respond to the variability and/or uncertainty associated with the wartime demand for munitions.  He also suggests a structure for a measure that stresses the critical early stages of a conflict and allows munitions planners to quantify their preferences for the mix of munitions to be produced.



		20

		N-3136-AF

		Pitfalls in Calculating Cost Growth from Selected Acquisition Reports

		Both the current estimate and the development estimate are normally taken from the Selected Acquisition Report (SAR), a legally mandated summary report on the status of major acquisition programs.


This Note identifies and explains the type of cost data found in the SAR and reviews the hisory of the SAR with respect to cost reporting.

		Problems are failure of some programs to use a consistent baseline cost estimate, exclusion of some significant elements of cost, exclusion of certain classes of major programs, and constantly changing preparation  guidelines. Nevertheless, the author concludes that SAR data are suitable for identifying broad-based trends and temporal patterns across a range of programs. 



		21

		N-3618-AF

		The Development of the F100-PW-220 and F110-GE-100 Engines: A Case Study of Risk


Assessment and Risk Management. 

		The "Great Engine War" pitted Pratt and Whitney and General Electric against one another to supply engines for the Air Force's new F-15 and F-16 fighters. This acquisition used "derivative" engines—engines that incorporated small changes in selected parts of existing engines to greatly improve operability, durability, and the operating and support costs of fighter engines.

		Camm concludes that four factors were important in the assessment and management of risk and thus in the exceptional success of these development programs: (1) the low level of technological risk posed by the derivative developments undertaken, (2) the use of competition to motivate the contractors, (3) the considerable experience of the managers overseeing the developments, and (4) the nature of the contracts. In the latter, the scopes of work focused on how development was conducted, not on products.



		22

		N-3620-AF

		The Development of the Advanced Medium-Range Air-to-Air Missile: A Case Study of Risk and Reward in Weapon System Acquisition. 

		In this case study of the AMRAAM program, Mayer examines weapons acquisition as a "political" process


involving the perceptions and goals of many organizations. Technologically, the missile is a success, despite a development program that involved major schedule slips, substantial cost growth, and several major redesign efforts.

		Mayer concludes that external oversight can be counterproductive as it raises the likelihood that the system must respond to forces having little to do with performance or management. For example, overselling the program at the beginning can lead to serious difficulties when the inevitable technical problems make system performance and management look poor in relation to the original promises. In addition, formal structures and procedures designed to reduce uncertainty cannot be relied on to counter optimistic estimates of performance, schedule, or cost. Finally, he concludes that concurrent development programs and fixed price contracts are inappropriate for technically risky programs.



		23

		RGSD-140

		Friend or Foe? Bureaucratic Behavior and Acquisition Reform in the U.S. Army. C. 

		(1) Is military specification and standard reform being implemented successfully by Army acquisition bureaucrats? 


(2) What factors or determinants affect the willingness and ability  of Army acquisition employees to implement milspec and standard reform? 


(3) Having assessed implementation to date and understanding better what affects bureaucratic behavior, how can the Army best affect the underlying beliefs and perceptions of its personnel in order to influence behavior in support of milspec and Standard reform?

		A multi-method research approach was employed, using both expert interviews and a survey of Army personnel. Using causal modeling techniques (latent variable analysis), it was determined that reform behavior within the Army acquisition work force is determined by: (1) employee attitudes toward the reform, and  (2) their perceptions of behavioral control. In addition, multiple regression analysis of these factors revealed that attitudes and control perceptions vary based on the functional perspectives of acquisition employees. 


Three conclusions emerged: (1) Resistant employees are less likely to believe that the elimination of milspecs and standards will result in positive programmatic outcomes; (2) resistant employees were much more likely to view training and communications efforts as inadequate; and (3) current training efforts are effective in changing underlying attitudes. This study presented two overarching recommendations: (1) Use and improve existing training programs; and (2) target implementation efforts to the resistant elements of the work force, focusing on changing the beliefs and perceptions important in attitude and control perception formation.



		24

		P-7169

		Estimates of Reliability During the Test and


Evaluation Stage: Some Methodological Observations.

		Within the acquisition process, reliability testing is one of the methods the military has used to maintain control of the reliability characteristics of a system being developed. Reliability testing has multiple objectives, including (1) determining compliance with contractual requirements; (2) identifying deficiencies in the system; (3) providing reliability measures for use in operation planning; and (4) measuring the readiness of the system for production and operational use.

		this paper illustrates the statistical risk facing both the military purchaser and the contractor from testing less, and conversely, the gains in statistical confidence from testing more. It considers two basically different kinds of reliability: (1) binomial processes, where "success" or "failure" are defined and testing is required to estimate the probability of their occurrence and (2) time-to-failure reliability, where "failure" is defined and the times when failures occur are recorded. The author concludes that both these approaches are likely to require some increase in the size of test programs.



		25

		P-7252

		Improving Avionics Acquisition and Support


from Conceptualization Through Operations

		Because avionics require such large investments and such long acquisition times, military services must set high performance requirements to ensure that new equipment will perform effectively against threats that will materialize during what should be a long life of useful service. High requirements, however, force designers to choose advancing technologies and complex integrations among types of equipment

		The key to more supportable avionics lies in an approach to acquisition and support that begins with the equipment's concept exploration stage and follows through the equipment's full life of service. This paper discusses contemporary challenges to avionics supportability and


proposes changes to acquisition and support processes that should be beneficial to supportability. It then shows how certain tradeoffs between performance and supportability at the concept formulation stage could enhance the benefits of the proposed changes.



		26

		P-7352

		Thoughts on Reforming the Military Acquisition Process.

		Outlines an approach to reforming the defense acquisition process and describes a prescription for reform based on RAND research results

		The traditional measures of effectiveness for major system acquisitions are cost growth, schedule slippage, performance shortfalls, and fielding times. These measures, given our current ability to quantify them, do not tell the whole story about the effectiveness of defense acquisition, but they do give important insights.



		27

		P-7359-RGS

		MiG-21 Fishbed: A Case Study in Soviet Weapons Acquisition. 

		In order to consider the advantages and limitations of evolutionary weapons development and to get a better understanding of the Soviet weapons acquisition system and its products, this paper presents a case study of the MiG-21 aircraft, NATO codename "Fishbed."

		As background, the author discusses the major driving forces in Soviet weapons acquisition and includes evaluations of the aircraft by Western experts and a comparison between the development timelines



		28

		P-7417

		Killing the Messenger: The Place of Systems


Acquisition in the National Security Planning and


Management Systems

		Past efforts to reform the systems acquisition process in the Department of Defense (DoD) have failed to view acquisition as part of a complex government planning and management system. This paper considers whether the acquisition process can be reformed without changes in other elements of DoD management systems.

		It maps out the major components of the DoD management system and outlines their relationship to each other and to the acquisition subsystem. The paper then identifies sets of issues related to each component. The author suggests that future acquisition reform efforts should emphasize other components of the system, rather than the acquisition process itself.



		29

		P-7757

		When Should We Start High-Rate Production of the B-2? An Analysis Based on Flight Test Results. 

		Over the past decade, government commissions and Congress have urged the Department of Defense to devote more attention to testing activities during the weapons acquisition process.

		This paper, the text of a statement made before the United States Senate on July 26, 1991, describes an analytic approach to determining how much testing and demonstration are enough and applies it to the B-2 bomber development and flight test program.





Appendix-B – US DoD Decision Support System


According to the Defence Acquisition Portal [6]; US DoD Decision Support Systems has three principal decision-making support systems. Together, the systems provide an integrated approach to strategic planning, capabilities needs assessment, systems acquisition, and program and budget development. 
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Figure 2 US DoD Decision Support Systems

DoD uses the Defense Acquisition System to manage the acquisition of weapon systems and AIS. Although based on centralized policies and principles, the system allows for de-centralized and streamlined acquisition. The system is flexible and encourages innovation, while maintaining strict discipline and accountability. The Defense Acquisition System, the management process that guides all DoD acquisition programs, can be found in detail on the Defense Acquisition Guidebook Homepage [11].


The Joint Chiefs of Staff established Joint Capabilities Integration and Development Systms (JCIDS) to assess and resolve gaps in military joint warfighting capabilities. To effectively integrate capabilities identification and acquisition, the JCIDS guidance (CJCSI 3170.01G and JCIDS  Manual) was developed in close coordination with acquisition regulations (DoD 5000 series). The JCIDS process supports the acquisition process by identifying and assessing capability needs and associated performance criteria to be used as a basis for acquiring the right capabilities, including the right systems. These capability needs then serve as the basis for the development and production of systems to fill those needs. Additionally, it provides the PPBE process with affordability advice by assessing the development and production lifecycle cost. The detail information can be found on the JCIDS web page [8].


The Planning, Programming, Budgeting, and Execution (PPBE) Process is DoD's strategic planning, program development, and resource determination process. DoD uses PPBE to craft plans and programs that satisfy National Security Strategy demands within resource constraints. PPBE process is how the Department of Defense (DoD) allocates its resources, which is found in detail on the PPBE web page [9].
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Figure 3 US Defense Acquisition Management System


Determination of User Needs & Exploring Technology Opportunities (Early Technology Projects). The efforts needed to identify cooperative development opportunities before entering into a formal acquisition program are often challenging, but such activities capitalize on high payoffs in cost savings and interoperability when successful. Formulation of cooperative development programs involves resolution of issues in the areas of requirements harmonization, cost sharing, work sharing, technology transfer, intellectual property rights, and many others. While multinational force compatibility may increase system acquisition cost, it can provide more cost-effective defense for the whole force through increased interoperability and reduced life-cycle costs. Cooperative opportunities identification and formulation should be pursued during the earliest stages of the pre-systems acquisition research and development process to maximize the chance for success [10].


Exploratory Discussions. Before entering into an international project, many forms of dialogue can take place with potential partners. These informal discussions are usually called exploratory discussions or technical discussions--they are NOT called “negotiations,” which requires a legal authority and formal permission from the Office of the Secretary of Defense. The avoidance of any binding commitments on the part of the U.S. Government, and the absence of any draft, international agreements characterize exploratory discussions.


International Forums. There are many international forums dedicated to discussing mutual armaments needs and early technology projects. These forums include the Conference of National Armaments Directors (CNAD), whose U.S. representative is the Under Secretary of Defense for Acquisition, Technology and Logistics (USD(AT&L)). The CNAD's subsidiaries are the "Main Armaments Groups," particularly the NATO Army Armaments Group, NATO Navy Armaments Group, and the NATO Air Force Armaments Group. The NATO Research and Technology Organization conducts and promotes cooperative research and information exchange in NATO. The Technical Cooperation Program with Australia, Canada, New Zealand, and the United Kingdom is another multilateral forum dedicated to cooperation in conventional military technology development. In addition there are about 30 bilateral forums, such as the U.S.-Japan Systems and Technology Forum and the U.S./Canadian Armaments Cooperation Management Committee, that have a similar purpose.


Studies. It is normal for the DoD and potential partners to conduct studies before entering into a cooperative acquisition project. These studies can be conducted years before the project starts, and are often called feasibility studies, or pre-feasibility studies. Industry, government agencies, or a combination of both generally conduct the feasibility studies, with the objective of providing a technical appraisal of the feasibility of developing and producing equipment.


International Exchanges of Information and Personnel. A common source for cooperative program opportunity identification is the Defense Research, Development, Test and Evaluation Information Exchange Program (IEP), which provides a standardized way of conducting bilateral science and technology information exchange (formerly called data exchange). The IEP has proven extremely useful as a means of cooperative opportunities formulation. Another source for identifying cooperative opportunities is the Defense Personnel Exchange Program, especially the Engineer and Scientist Exchange Program (ESEP).


Pre-Systems Acquisition. Decisions made during the Materiel Solution Analysis and Technology Development phases of Pre-Systems Acquisition generally define the nature of the entire program. Once the program enters the Engineering and Manufacturing Development phase, it is difficult to adopt major changes without significant schedule or cost adjustments. Consequently, the decision to include international partners needs to be addressed as early as possible, preferably during development of the Initial Capabilities Document, but no later than during the Materiel Solution Analysis phase.


The Technology Development Strategy prepared for Milestone A or the Acquisition Strategy for Milestones B and C must address the following areas: 


a) Is a similar project in development or production by NATO, a NATO organization, a member nation of NATO, a major non-NATO ally, or friendly foreign country? 


b) If so, then the Technology Development Strategy or initial acquisition strategy must provide an assessment of that project as to whether or not it could satisfy or be modified to satisfy U.S. military requirements, and 


c) An assessment of the advantages and disadvantages with regard to program timing, developmental and life-cycle costs, technology sharing, and Rationalization, Standardization, Interoperability of a cooperative development program. 


d) The USD(AT&L) provides a recommendation whether or not the feasibility and desirability of a cooperative development program should be explored. 


e) What alternate forms of cooperation could be appropriate for the project?


Engineering and Manufacturing Development. After program initiation, during Engineering and Manufacturing Development, key elements of the system design are defined, and system/subsystem development begins. Major changes often present schedule delays that program managers are unwilling to accept; however, there have been numerous examples of successful subsystem cooperative development partnerships that have been formed during the Engineering and Manufacturing Development Phase.


Foreign Comparative Testing. A viable alternative to development is the acquisition of commercial items. While individual acquisition programs can conduct evaluations with their own resources, the Foreign Comparative Testing Program offers a structured and funded means for program offices to evaluate the suitability of a foreign developed item for purchase in lieu of developing a similar U.S. item.


International Test Operations Procedures. The International Test Operations Procedures (ITOP) program provides for international agreements that document state-of-the-art test techniques for technical testing of military material and allows the exchange of test data to avoid redundant testing when foreign equipment is purchased.


Production and Deployment Phase. There are three basic mechanisms for transfer of U.S. produced defense articles and associated production capability to other nations: sales, co-production and cooperative production.


Operations & Support Phase. Cooperative logistics refers to cooperation between the U.S. and allied or friendly nations or international organizations in the logistical support of defense systems and equipment. Cooperative logistics is part of the acquisition process, but as a substantial part of military operations, much of the implementation process involves Security Assistance processes and procedures.

Appendix-C – Web Pages for Simulation Tools


Hemant and et.al, surveyed the decision support tools in Tablo-2 below. [image: image5.emf]

		Software 

		Vendor 

		Typical Applications of the software 

		Primary Markets for which the software is applied 

		RAM 

		Operating Systems 



		@RISK

		Palisade Corporation

		Risk analysis for Microsoft Excel spreadsheets using Monte Carlo simulation

		Finance; Insurance; Oil/Gas/Energy; Pharmaceuticals; Manufacturing

		 

		Windows



		@RISK 5.5

		Palisade Corporation

		@RISK performs risk analysis using Monte Carlo simulation to show you many possible outcomes in Excel 

		Finance/Banking, Energy & Utilities, Manufacturing, Insurance/Reinsurance, Healthcare Six Sigma , Academic 

		512

		Windows XP, Vista



		Analytica 4.2

		Lumina Decision Systems, Inc

		Investment, risk, decision, portfolio network flow analysis;systems dynamics; resource, R&D planning; organization simulation

		Business, financial, public policy, energy, environmental, healthcare, defense, manufacturing, education, telecommunication

		128

		Windows 98, 2000, NT, XP, MP, Vista



		AnyLogic

		XJ Technologies

		Flexible general purpose simulation tool. Discrete Event, Agent Based and System Dynamics modeling

		Healthcare, Logistics, Supply Chains, Manufacturing, Defense, IT, Pharmaceuticals, Marketing, Finance, Energy, Education

		2GB

		MS Windows Vista or XP, Apple Mac OS, Linux



		Blues Simulation System (Bluesss)

		Stanislaw Raczynski

		General purpose, discrete and continuous models

		Education, research

		 

		Windows XP, Vista



		Clinical Trials Simulator

		ProModel Corporation

		Automated simulation analysis and mathematical optimization of multiple clinical trial site and patient recruitment scenarios

		Pharmaceutical Clinical Trials

		1 GB min; Recommend 2 GB

		Windows XP, Vista, Windows 7



		CSIM for Java

		Mesquite Software, Inc.

		Models of processes and systems of processes

		Education

		depends on model

		Any system with Java



		CSIM20

		Mesquite Software, Inc.

		Modeling large, complex systems

		Computer systems, networks, education

		depends on model

		Windows, Linux, Solairs86, Solaris, MacOSx



		DecisionTools Suite

		Palisade Corporation

		Integrated risk, decision, and data analysis in Excel combining Monte Carlo simulation, decision trees, optimization, & more.

		Finance; insurance; oil/gas/energy; pharmaceuticals; manufacturing; six sigma

		 

		Windows



		Emergency Department Simulator

		ProModel Corporation

		Emergency Department throughput, staffing, patient flow, and efficiency analysis.

		Emergency Department Performance Improvement

		128MB min, 512MB recommended

		Windows 2000, XP



		Enterprise Portfolio Simulator

		ProModel Corporation

		Web-based simulation analysis of multiple, simultaneous project/product plans across one or more portfolios of projects

		Project and Portfolio Planning, Strategic Resource Capacity Planning; New Product Development, R&D, Scheduling

		2GB min; Recommend 4GB

		For Server: Windows Server 2003, 2008 For Client: Mac or PC or anything that runs a browser



		ExtendSim AT

		Imagine That Inc.

		Rate-based modeling functionality for manufacturers operating in a mixed-mode environment: batch process and discrete event.

		Any industry that operates in a high-speed or high-volume arena: packaging lines, chemical processes, network traffic, etc.

		512 MB

		Windows Vista, XP, 2000, 2003 Server, or better; Macintosh OS X 10.4 or better



		ExtendSim OR

		Imagine That Inc.

		Message-based discrete event architecture to model processes involving physical or logical objects moving through systems.

		Manufacturing and business modeling; communication systems, healthcare, six sigma, transportation, service, education, etc.

		512 MB

		Windows Vista, XP, 2000, 2003 Server, or better; Macintosh OS X 10.4 or better



		ExtendSim Suite

		Imagine That Inc.

		Professional 3D modeling of continuous, discrete event, and discrete rate processes.

		When impressive presentations count. 3D modeling of manufacturing, logistics, business, government, eductation, engineering.

		512 MB

		Windows Vista, XP, 2000, 2003 Server, or better; Macintosh OS X 10.4 or better



		Flexsim

		Flexsim Software Products, Inc.

		Process improvement, process optimization, capital investment justification, lean implementations

		manufacturing, warehousing, distribution, supply chain, and mining

		256 MB 

		Windows Vista, Windows XP



		Flexsim CT

		Flexsim Software Products, Inc.

		Container shipping terminal applications, yard stacking segregation strategies, quay crane allocation, dispatching

		Container terminals

		256 MB 

		W0



		Flexsim HC

		Flexsim Software Products, Inc.

		Hospital ER and related healthcare/patient flow applications

		Healthcare, emergency rooms, patient flow, patient services, lab, staff balancing 

		256 MB 

		Windows Vista, Windows XP



		ForeTell-DSS

		DecisionPath, Inc.

		„Test drive‰ decisions e.g., managing risks from terrorist threats, org.change, competitive mktg strategy, M&A transactions

		Government (e.g. homeland security, DOD, civil sector policy), Pharma/Life Sciences, Financial Services

		512 MB

		Windows, Mac OS, Linux (written in Java)



		GoldSim

		GoldSim Technology Group

		Engineering risk analysis, including water resource management, mining, waste management, and aerospace mission risk analysis

		Mining, Energy, Water Resource Management, Aerospace and Defense, Engineering Consulting, Radioactive Waste Managment

		512 MB

		Windows XP, Servero 2003, Vista, 7



		Integrated Performance Modelling Environment (IPME)

		Alion Science and Technology MA&D Operation

		human performance modeling, manning analysis, human workload evaluation, product design

		government, defense, manufacturing, staffing

		512 MB

		Mandrake 10X, RedHat Enterprise, Windows 2000, Windows XP



		MedModel Optimization Suite

		ProModel Corporation

		Design, plan, evaluate and improve processes of hospitals, clinics, and other healthcare systems to optmize performance

		Hospitals, Clinics, Healthcare Systems, Medical Device Manufacturing and Sales

		512MB min; Recommend 2 GB

		Windows XP, Vista, Windows 7



		Micro Saint Sharp

		Alion Science and Technology, MA&D Operation

		human performance modeling,manufacturing,healthcare,service industry,military,business process reengineering,supply chains

		human performance modeling,manufacturing,healthcare,supply chains

		256MB

		Microsoft Windows Server 2003, Windows Server 2008, Windows XP, Windows Vista (Operating systems must support the Microsoft .NET Framework 3.5)



		Portfolio Simulator

		ProModel Corporation

		Simulation and optimization analysis of multiple,simultaneous project/product plans across one or more portfolios of projects

		Project and Portfolio Planning, Strategic Resource Capacity Planning; New Product Development, R&D, Scheduling

		1 GB min; Recommend 4 GB

		XP, Vista, Windows 7



		Process Simulator

		ProModel Corporation

		Lean, SixSigma, value stream mapping, process mapping, flow chart simulation, continuous process improvement

		All

		512MB min; Recommend 2 GB

		Windows XP, Vista, Windows 7; Also needs MS Visio 2003 or 2007 or 2010



		Project Simulator

		ProModel Corporation

		Enables project managers to more accurately predict outcomes of their project plans

		Anyone who uses Microsoft Project

		1GB min; Recommend 2 GB

		Windows XP, Vista, Windows 7; Also needs MS Project 2007, 2010



		ProModel Optimization Suite

		ProModel Corporation

		Lean, SixSigma, capacity planning, cost analysis, process modeling, cycle time reduction, throughput optimization and more

		Manufacturing and logistics, pharmaceutical, defense

		512MB min; Recommend 2 GB

		Windows XP, Vista, Windows 7



		Proof 3D

		Wolverine Software Corporation

		Provides 3D animation capabilities for use in discrete event simulation

		Air Traffic control, transportation, manufacturing

		 

		Windows XP/Vista/7



		Proof 5

		Wolverine Software Corporation

		Provides 2D animation capabilities for use in discrete event simulation

		Air Traffic control, transportation, manufacturing

		 

		Windows XP/Vista/7



		PSM++

		Stanislaw Raczynski

		General purpose, sicrete and continuous models

		Education, Delphi users

		 

		Winfows XP, Vista



		QMS

		QuantMethods

		Pedigogical tool for teaching quantitative methods, including simulation.

		Higher education

		N/A

		N/A - Browser access



		REACT

		MJC2

		Real-time scheduling and simulation

		All large logistics and transport operations.

		varies

		many including Windows, UNIX and Linux



		Renque

		Renque Corporation

		General purpose discrete event simulation software

		Transport, Communications, Engineering & Design, Business modelling

		 

		Microsoft Windows Vista, Microsoft Windows XP, Microsoft Windows 2000



		Risk Solver

		Frontline Systems Inc.

		Risk analysis and risk budgeting, Monte Carlo simulation

		Academic, Oil & Gas, Pharmaceuticals, Insurance

		2GB

		Windows 7, Vista or XP



		Risk Solver Platform

		Frontline Systems Inc.

		Monte Carlo simulation, conventional optimization, simulation optimization, stochastic programming, robust optimization

		Academic, General Business, Oil & Gas, Pharmaceuticals, Insurance, Manufacturing/Distribution

		2GB

		Windows 7, Vista or XP



		Risk Solver Premium

		Frontline Systems Inc.

		Risk analysis, Monte Carlo simulation, simulation optimization

		Academic, Oil & Gas, Pharmaceuticals, Insurance, Manufacturing/Distribution

		2GB

		Windows 7, Vista or XP



		ServiceModel Optimization Suite

		ProModel Corporation

		Design, plan, evaluate and improve service industry systems such as Financial Services, Logistics, Business Re-Engineering

		Financial Services, Logistics, Transportation, Food & Hotel Services, Entertainment, and Other Service Industries

		512MB min; Recommend 2 GB

		Windows XP, Vista, Windows 7



		ShowFlow

		Webb Systems Limited

		manufacturing; logistics; financial services

		manufacturing - bottleneck analysis; layout revsions; new equipment evaluation

		1GB

		Windows 2000; XP; Vista; 7



		Simcad Pro-Patented Dynamic Process Simulator

		CreateASoft, Inc

		Continual Process Improvement, Facility Layout/Design, RFID/RTLS, Process Optimization, Lean, CapEx Justification

		Manufacturing Solutions, Healthcare Solutions, Supply Chain Logistics Solutions,Service/Office Simulation Tools

		256

		Windows 2000 (XP/Vista). Will run on a MAC with a Windows Emulator.If 3D Graphics are needed, a hardware acceleration board will help in increasing the system performance.



		SIMUL8 Professional 

		SIMUL8 Corporation 

		Optimize throughput, maximize resource utilization, identify bottlenecks, reduced risk decisions, business process management

		Business processes: call center, manufacturing, supply chain, logistics, healthcare, financial, education

		256MB

		All Windows editions including Windows 7& Vista, Linux, Mac OS



		SIMUL8 Standard

		SIMUL8 Corporation 

		Optimize throughput, maximize resource utilization, identify bottlenecks, reduced risk decisions, business process management

		Business processes: call center, manufacturing, supply chain, logistics, healthcare, financial, education

		256MB

		All Windows editions including Windows 7 & Vista, Linux, Mac OS



		SIMUL8 Web

		SIMUL8 Corporation 

		Simulation on the web. Share the benefits and power of simulation with others, no install, no learning curve. 

		Business processes: call center, manufacturing, supply chain, logistics, healthcare, financial, education

		Browser requirements only. 

		All operating systems. 



		SLIM

		MJC2

		Strategic modelling, simulation and optimisation.

		All large logistics and transport operations.

		varies

		many including Windows, UNIX and Linux



		SLX

		Wolverine Software Corporation

		High-end, unique applications that require features not built into off-the-shelf simulation software

		Air Traffic control, homeland security, telecommunications, logistics

		 

		Windows XP/Vista/7



		Stat::Fit

		Geer Mountain Software Corporation

		Statistically fits input data to analytical distributions and exports into specific forms to simulation software.

		Simulation and modeling, risk assessment, reliability, quality, engineering and financial management.

		4 MB

		PC / Windows



		Tecnomatix Plant Simulation

		Siemens PLM Software

		Tecnomatix Plant Simulation software enables the simulation and optimization of production systems and processes.

		Airports Aerospace Automotive and Supplier Consulting houses CPG Defense Electronic Logistic MRO Ports Shipyard Whitegood

		1GB

		Windows XP, Windows Vista



		Vanguard Business Analytics Suite

		Vanguard Software

		Collaborative modeling, strategic planning, risk analysis, forecasting, portfolio management, optimization, Web-based what-if

		Consulting (internal/external), pharmaceuticals, oil & gas, aerospace, manufacturing, marketing, finance, academic

		128MB

		Windows 2000, XP, Vista



		Vanguard Strategic Forecasting Suite

		Vanguard Software

		Collaborative modeling, strategic planning, risk analysis, forecasting, portfolio management, optimization, Web-based what-if

		Consulting (internal/external), pharmaceuticals, oil & gas, aerospace, manufacturing, marketing, finance, academic

		128MB

		Windows 2000, XP, Vista



		Vanguard System

		Vanguard Software

		Collaborative modeling, strategic planning, risk analysis, forecasting, portfolio management, optimization, Web-based what-if

		Consulting (internal/external), pharmaceuticals, oil & gas, aerospace, manufacturing, marketing, finance, academic

		 

		 



		WebGPSS

		Beliber AB

		General purpose discrete events simulation of situations with uncertainty, requiring many runs

		Education, esp. students of business, logistics, supply chain systems

		8 MB

		Windows



		XLSim 3.0 

		AnalyCorp

		Small traditional Monte Carlo applications, and interactive simulations based on DISTs.

		General market for small Monte Carlo simulation models.

		 

		Vista, XP. Requires Excel 2003 or 2007 for Windows.
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1. 
Introduction


As a result of dynamics of transformation of Polish defense system and armed forces the need for continuous monitoring and analysis of existing and future threats has appeared. This influences the character of tasks for armed forces. The result of changing tasks of armed forces are changes of capability requirements the fulfillment of which is often identified directly with determined armament and military equipment. Therefore selection of armament and military equipment which should fulfill the given requirements appears frequent problem for decision- makers.


Selecting armament and military equipment the decision-maker should take into account among others [1]:


· functions it has to carry out;


· structures in which it has to operate;


· features (parameters) it has to have;


· necessary quantities of particular types of armament and military equipment.


The acquisition process consists of many activities the purpose of which is making the best possible decision in determined conditions. The complexity of modern armament and military equipment often needs the approach of the system of systems and demands adequate identification and evaluation. Choice or designing the appropriate method of acquisition requires reviewing and verifying the existing accessible methods and then adapting them according to the specificity of evaluated weapons system and to the stage of acquisition process in which the decision is being made.

2. 
Acquisition stages of armament and military equipment 


The acquisition process could be divided into four basic stages:


· analyzing and defining threats;


· analyzing and defining capabilities armed forces have to achieve;


· specifying the ways of achieving the defined capabilities;


· selection of armament and military equipment (if the ways of achievement the capabilities are: procurement, research and development or modernization).


The first stage (fig.1) starts from analysis of the environmental conditions which would affect the national defense system and armed forces. Following conditions should be subjected to the analysis:

· resulting from military alliances,

· political,

· technological,

· economic,

· financial,

· social ,

· cultural, etc.
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Fig.1. The stage of analyzing and defining threats (scenarios)

As a result of the carried out analysis the set of threats or scenarios of possible operations in the assumed time horizon should be determined. Selection of the threat (scenario) of high probability (the most real one) could be facilitated through application of one or several of the following methods:


· the method of experts;


· the Delphi method;


· the method of cruciform influences;


· the method of scenarios.


The use of two methods – for instance the method of cruciform influences and the method of scenarios - seems to be most reasonable. The method of cruciform influences in conjunction with the Delphi method is labour-consuming, but can give as a result certain ordered sequence of threats (scenarios) [1]. Final result of this stage is then the ordered set of threats (scenarios) according to the criterion of the highest probability of appearance. It seems important to stress that the problem arises of rejection or not the unreal threats. As the history of last years has proved many threats appeared considered before less probable or even unreal and not taken into account in countermeasures planning.

In the second stage (fig.2) basing on the set of threats or scenarios the set of tasks for national defense system and armed forces is defined. 


The list of tasks is then compared with present potential of armed forces and with limitations which could influence building the potential. The result of the comparison is the list of capabilities with full description of every of them. Final result of this stage is definition of the capabilities which are not possible to achieve in the assumed time horizon.

The third stage consists in specifying the ways of achieving defined capabilities (fig.3). For example the defined capability could be crossing the water obstacles by mechanized units (the basic information on e.g. widths of the obstacles, the speed of water, etc. should be included in the precise description of the capability). The question appears: how could this capability be achieved?
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Fig.2. Stage of analysis and defining the capability requirements


We have several possibilities, e.g.:

·  building the mobile bridge making possible crossing the water obstacles,


·  purchasing the bridge if available on the market,

·  providing the ability of crossing obstacles by the units on their own, 

·  using helicopters to transport the units,


·  other solutions.


Choosing the best way the decision-maker should take into account following criteria:


· costs (particularly the life cycle analysis if the way of achieving determined capability are: procurement , production or modernization);


· technological possibilities (exist any technological possibilities or technology making possible achieving the determined capability?);


· availability on the armament and military equipment market;

· time (in what time the required capability should be achieved and how long would be the period of its usefulness?);

· logistics ( what logistic system would be able to support the determined capability: the already existing one, the rebuilt one or the newly created one?);


· versatility (is the determined capability necessary for single requirement only?, could it be applied in different conditions?).

As a result of analysis of: the presented criteria, the possibilities of choice and the description of capability requirements - the best way of fulfillment the capability requirements should be chosen.


In the next part of this paper the assumption has been made that the result of the carried out analyses is conclusion that the only way of achieving the determined capability is procurement a new armament and military equipment. In such case the next step is specifying expected (or standard) parameters of the armament and military equipment and then analyzing the market of potential producers and suppliers of the armament and military equipment which would be able to meet the requirements of the parameters. This appears the final result of the stage 3.


The fourth stage seems to be the most extended part of acquisition process connected with the selection of armament and military equipment (fig.4). As a result of this stage the final choice is carried out which enables achievement of the determined capability and subsequently the possibility of national defense system and armed forces to respond the previously specified threats. 
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Fig.3. Ways of achieving the defined capabilities


An important element of this stage is analysis of parameters characterizing the armament and military equipment (fig.5). Following characteristics should be the subject of the analysis:


· tactical and technical parameters (e.g. the range, the mass, the speed, etc.);

· logistic parameters (e.g. levels of services, time between services, volumes of supplies connected with the wearing of system components, the number of necessary logistic staff etc.);

· economic and political parameters (e.g. influence on the economy of the country, influence on international conditions, possible industrial cooperation, etc.);


· training (e.g. training periods, accessibility of  training bases, certification of specialists, etc.).

In analysis of every of the presented group of characteristics different research methods could be used both qualitative and quantitative ones. For example to asses the tactical - technical characteristics we can use the taxonomic method. This method makes possible comparisons of basic characteristics of analyzed armament and military equipment (or group) with expected characteristics (or standards) and on this basis the best armament and military equipment could be defined. Supplement of this method could be the method of experts which should confirm the choice of the best solution (but only in the area of tactical - technical characteristics) [3, 8]. In such way we could also make analyses and comparisons of the remaining groups of characteristics for the considered armament and military equipment using of coarse the adequate research methods for the given group of characteristics. Then the groups of characteristics should be ordered according to the weights of importance (fig.6). The purpose of analyses and arrangements of parameters is not only the choice of a armament and military equipment but also choice of the producer or supplier which offers the best conditions of the contract [8]. This is particularly significant when economic-political characteristics are the most important ones. In this case the decision on signing the contract and procurement of the armament and military equipment is made in general by the highest authorities of the state (Government, Parliament, etc.).

The result of the choice strongly influences the requirements for logistic system [9]. One should remember that most of armament and military equipment are technical devices or technical systems with determined principles and needs for maintenance, servicing, supply, storage etc. Those are often very specific technical requirements not fulfilling of which could make the devices useless. Generally the requirements of armament and military equipment system could be divided into operational and logistic groups. The first is connected with possible variants of usage of the armament and military equipment on the battlefield, the second - with the ability of accomplishing the task and maintaining the armament and military equipment in the state of readiness.
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Fig.4. Beginning the stage of choice of a system


The intensity of using the armament and military equipment and operations in which the system is employed could influence changes of the demand for logistic resources. This concerns e.g.: number of services, number of delivered resources of materiel and number of logistic personnel [4,5,6]. Logistic requirements of armament and military equipment have been presented in figure 7. Logistic requirements of armament and military equipment strongly influence the size, structure and principles of functioning of its logistic system. It is connected with the continuous changes of the system status and needs resulting from the influence of many factors. These changes may be deliberate and precisely defined but may also occur in stochastic ways [9].


This implies the necessity of preplanning, storage and maintaining of adequate supplies. Therefore important is the possession of information on real requirements of supplies and possible size of consumption. Information on the logistic requirements of analyzed armament and military equipment should be compared with the already existing potential of the logistic system (fig.4).
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Fig.5. Analysis of armament and military equipment characteristics 
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Fig.6. Choice of supplier or producer of the armament and military equipment

The result of the comparison would be the list of requirements which the logistic system should fulfill to achieve the capability of initiating and maintaining the armament and military equipment.
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Fig.7. Logistic requirements of armament and military equipment


Often fulfilling at least the part of the requirements by the supplier or producer is possible but it should be earlier precisely defined and included in the contract.


3. 
Outline method of optimization the logistic system’s contribution to weapons system combat capability


This method has been presented for the first time in [5]. The following three general assumptions are essential for the method:


1. Logistic potential is one of the fundamental components of combat capability. It enables functioning of forces during the peacetime and war and determines necessary material and energy flows for particular elements of forces structure (for particular weapons systems) as well as furnishing logistic services for them.


2. Quantitative evaluation of both combat capability and logistic potential is possible as well as the level (percentage) of logistic potential’s contribution to the combat capability.


3. The estimation of the required and the already existing logistic potential does not change the fact that the value of the first one may be a random value which may occur different from the estimated one.


In optimization of the logistic potential contribution to combat capability - the quantitative evaluations of deficiency and surplus of the logistic potential would be necessary.


Within the simple additive approach to the calculations (the value of combat capability is the direct sum or weighted sum of its component potentials’ values) the optimization criterion could be the following function evaluating the results of non-balanced requirements and capabilities (1).




           F(x) =   r - ax    P(r) [ k                                    +                                          ]]                          (1)


where: 

a - he value of combat capability;


x - optimized contribution (percentage) of the logistic potential to a;

r - required value of participation (percentage) of the logistic potential in a which may occur with probability P(r);


k, l - the proportionality coefficients relatively for surplus and deficiency of the logistic potential;


w - the equivalency coefficient of the non-logistic and logistic potentials.


The function (1) fulfills following structural assumptions:


1) The value of the function increases proportionally to the increases of surplus and deficiency of the logistic potential.


2) The proportionality coefficients in the case of surplus k and in the case of deficiency l should differ it means: the function F(x) should differentiate the “weights” of surplus and deficiency.


3) The value of the function equals zero in the case of balancing requirements and possibilities of the logistic system.


4) The value of the function changes proportionally to P(r) - the probability of occurring the requirement r  (in the case when r is discrete random value) or proportionally to the density φ(r) when r is continuous random variable.


5) The proportionality coefficient l  (in the case of deficiency) is “weighed” by the coefficient w which expresses the equivalence of non-logistic and logistic potential (e.g. what amount of the logistic potential is equivalent to one unit of measure of non-logistic potential).


Let x min, x max denote the limitations imposed on the lowest and the highest admissible participation of the logistic potential in combat capability. The optimization problem would consist in finding the optimum value x * of participation (percentage) of logistic potential in combat capability which minimizes the criterion – function F(x) in the interval [x min, x max].


One of the fundamental problems in calculating the logistic potential is distinguishing its components and building the mathematical model which reflects the way the components form the entity. The essence of the model consists in:


· construction of the function (or functional) the arguments of which are particular components of the logistic potential,


· the method of standardization the components in order to eliminate the influence of different units of measure (transforming the absolute values of the components into the relative ones),


· the determined measures of particular components,


· the method of determining the weights of particular components.


The components of the logistic potential constitute certain hierarchical arrangement – there are groups of components, subgroups etc. For instance on the top level one may distinguish: human potential, materiel potential, technical potential, organizational potential, logistics management command and control potential. On the lowest level the group of components of  e.g. materiel potential may be divided into the subgroups according to the classes of supply, whilst the group of the components of human potential – into the subgroups of particular categories of logistic specialists etc.


    Construction of the synthetic index L of the logistic potential should express the influence of particular components, It could be defined as following function or functional (2):


                                                               L = f (H, M, T, O, C)                                                               (2)


where:


H - human potential,


M - materiel potential,


T - technical potential,


O - organizational potential,


C - logistic management, command and control potential.


The component potentials: H, M, T, O. C should be calculated according to the standardized taxonomical formulae. The arguments of the formulae should be the lowest level components of particular potentials H, M, T, O, C with weight coefficients reflecting the role of the given component in shaping the higher level potential. The lower level components of H, M, T, O, C could be distinguished according to the fundamental logistic functions (supply, maintenance and repair, services, movement and transportation, medical support, infrastructure), related both to territorial and organic aspects of military logistics [5,7].


4.
Conclusions


In the paper methodology proposals of conducting analyses facilitating decision making on particular stages of armament and military equipment selection and - in effect - choice of the optimum multicriterial solutions have been presented. So far it is difficult to find in literature comprehensive overall studies in this area. Presented considerations could be the basis only for further discussions and in effect working out tools facilitating decision making in acquisition processes. One of the tools could be the outlined method of optimization the logistic system contribution to weapons system combat capability. The role of the logistic potential in combat capability should be precisely defined qualitatively and determined quantitatively. The quantitative representation of the potential is particularly important for diagnostic, decision making and planning purposes. Calculating logistic potential needs working out mathematical models representing the inner structure of the potential itself and its components as well as their relations with environment. The assumptions should be also precisely determined placing the potential within the national and alliance logistic systems capabilities. In solving the optimization problem of finding the optimum participation of logistic potential in combat capability the criterion function evaluating the balance of requirements and possibilities should be adopted. The limitations imposed on the lowest and the highest admissible participation could represent relatively the financial and operational views of the decision-makers.
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Abstract


Nowadays, western armed forces more and more use the effects of their actions as a starting point for operations. Concepts such as Effect Based (Approach to) Operations, Comprehensive Approach and others display this evolution.


When it comes to weapon systems, the armed forces struggle to use these concepts and to translate them into guidelines. Therefore, TNO tries to set up a methodology to efficiently use effects as a starting point to answer questions related to the acquisition and use of weapon systems.


One part of the TNO work is focused on designing a quick and simple method to match multiple weapon systems to multiple tasks. The method matches the effects that are required by the tasks to the effects that can be reached by using the weapon system. The method gives way to tools, for instance:


Weapon Selection Tool: for commanders to make a weapon selection before performing an operation,


Flexibility Rating: for rating a weapon system on flexibility before acquisition,


Quick Task Scanner: for quickly scanning the inventory of weapon systems to find the most appropriate one for a novel task.


The method is able to deal with requirements that can be considered not-primary, such as collateral damage, weapon wear and environmental damage. These secondary effects, together with the primary effects, are used to rate combinations of weapon systems and tasks. In such a way, one can reach a ranking of weapon system – task  combinations within a split second. The method has been implemented in a software tool for demonstration purposes.


1.0
Background


The RNLA sees rapidly changing ways of operation. Out of area missions are carried out in different parts of the world, in different climates, with varying environments, ranging from deserts to urban areas and with varying attrition levels. In this respect operational requirements on weapon systems are ever changing. The variation in theatres and fast changing tasks also pose changes on the requirements. 


Effect Based Approach to Operations (EBAO) also poses changes in requirements. In EBAO military operations are only one level of concerted actions, which range from political to informational aimed at obtaining a certain effect. More and more the focus is on changing behaviour in other ways and on reducing generating secondary unnecessary effects. This will also change requirements on weapon systems.

The consequence is an increasing complexity in the decision process, trying to balance all kinds of alternative effect bringers. In the current processes, experiences and lessons learned form the main basis for creating requirements – a basis that doesn’t allow for an objective adjustment to new situations. Moreover, the requirements generating process is long and time consuming whilst external factors often necessitate a fast and flexible process. 

To handle rapidly changing tasks and the increasing complexity there is a need for a quick, objective method, which helps to determine whether a weapon system is suited for its task, considering all kinds of constraints imposed by this complexity. In this paper such method is described. The method was originally aimed at obtaining supportive methods and tools to detect and capture new, innovative ways of using weapon systems. E.g. to use an anti-tank system for wall breaching. 


2.0
Decision Support Method


Because of the chang es described above, the decision for the deployment of a weapon system needs to be done taking into account a much broader view, with many more parameters. The complex decision process clearly needs supportive methods and tools. A decision support method has been derived on how to apply weapon systems in various contexts. 


The purpose of the method is to relate a set of weapon systems to a set of military tasks. To be able to assess whether a weapon system is suited for a task, both weapon systems and tasks need to be defined in a way that comparison is possible. For each task and each weapon system an estimation needs to be made to what extent they match. To enable the estimation tasks are described as a set of parameters, which give the objectives of the task in terms of required effects on certain targets or other objects. On the other side of the balance weapon systems need to be described in a similar way with similar parameters. 

The method uses a generic approach to describe weapon systems and effects. For weapon systems and task effects generic normalised descriptions have been derived which enable  a comparison between task effects to obtain and weapon systems to obtain the effect. The method uses the normalised description to relate weapon system capabilities to a set of tasks. The method comprises two parts. A modelling part and an analysis part. The modelling provides the basic ingredients for the method. An effect based approach to the application of weapon systems comprises several basic elements: effects, application and weapon systems. Effects can be described in many ways. An effect is defined in this study as a change of state. The situation usually comprises an object or a target for which a state change is required, e.g. a running insurgent who needs to be stopped. A weapon system is used to realise such state change: an interaction. 
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Figure 1: Schematic of method ingredients.


To stop a running person may be accomplished by actually firing the weapon system. However it may also suffice to threaten to fire the weapon system. In both cases the state of the target has been changed from running to stopped. Two different interactions with the same weapon systems, resulting in the same effect. The modelling part results in a set of libraries containing descriptions of weapon systems and descriptions of tasks. 

The analysis part of the method is used to determine the suitability of weapon systems to certain tasks or set of tasks. The suitability is based on required effects. It is analysed whether required effects (on an object) can be obtained by a certain weapon system.

2.1 Modelling


Weapon system capabilities


Weapon systems provide capabilities to perform tasks to accomplish missions. A weapon system has the capability to kill or damage a target system. To realise this a set of subsystems is used to fulfil specific sub-functions which in conjunction provide the primary capability. Weapon systems are described by their capabilities. The capabilities are based on the generic effects. A list of generic effects is shown in a subsequent paragraph. For a weapon system it is noted at what range the effect needs to be established and whether the weapon system would likely result in collateral damage. 


In various environments different definitions of a ‘weapon system’ are used. In the context of this research a weapon system is the whole of firing platform, firing mechanism, munition and operator. An example is main battle tank including its crew and ammunition, or a personal weapon and its bearer. The weapon system as a whole is a means to obtain some effect. 


Tasks and Effects


In military context a task is a set of actions in an operation. For instance ‘protection of sites, areas and persons’. This task is very complex, and it is unclear what weapon systems might be suitable. In many situations different weapon systems might be used. Therefore we like to describe a task in a slightly different way by defining its effect. An effect is a changed object state. The effect is obtained by an interaction, using a weapon system against the object. 

A task may be described as ‘stopping a running insurgent’. The term stopping might be interpreted in various ways: having him killed; having him unmoving on the ground; having him standing still. Depending on context either of the alternatives is possible, but some may not be acceptable. Figure 1 shows an example of the terms. A set of generic effects has been established based on earlier EBAO research. The following effects are used: 

		Destroyed (Killed)

		Degraded (Wounded)

		Delayed

		Denied



		Disrupted

		Decapacitated

		Dislocated

		Diverted



		Defended

		Deterred

		Deceived

		Demoralised



		Isolated

		Controlled

		

		





Table 1: Generic effects 

The generic effects might be expressed as ‘object is degraded’ where object types are further detailed for instance using the following object categories.

		Objectcategory



		Human



		Platform



		Infrastructure





Table 2: Object categories


2.2 Analyses


Using some generic effects and the objects the following table describes what a certain weapon system might obtain when used against a human, a platform or infrastructure.

		Effect of weapon system X

		Human

		Platform

		Infrastructure



		Object is denied

		x

		

		



		Object is identified

		x

		x

		x



		Object is destroyed

		x

		x

		x



		Object is dislocated

		x

		x

		



		Object is degraded

		x

		x

		x



		Object is deterred

		x

		

		



		Object is demoralised

		x

		

		





Table 3: Example weapon system effect

Tasks can be described in a similar way resulting in similar tables. 

		Required effect of task Y

		Human

		Platform

		Infrastructure



		Object is denied

		x

		x

		



		Object is degraded

		x

		x

		x





Table 4: Example task required effect

The suitability of the weapon system to the task can then be assessed by comparing the two tables. For convenience the associated rows have been made gray. It can be seen that the weapon system does not fully match. It does not obtain the effect ‘platform denied’.

This is a rather crude way of assessing suitability. To increase credibility and improve usefulness additional information is needed. We might add an initial cost parameter, which differentiates between various weapon systems. We also might add some parameters based on the categories cost and effect. Effect parameters may include the importance of the required effect (must have or nice to have) and capability ranges. At the cost side one might think of whether the combination weapon system – effect is a feasible possibility or it provides an oversized possibility which will result in collateral damage. 
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Figure 2: Interaction effect and cost.


Result parameters from vulnerability-lethality studies might be included to discern between the various possible weapon system – task combinations and to further detail weapon system – object effects. 

3.0
Software tool 


The method as described above has been implemented into a software proof-of-concept. The user (e.g. operational commander) enters the expected tasks and expected objects, he might encounter. Subsequently he queries the tool on weapon systems for ‘fit for use’. The tool replies with a ‘fit for use’ report showing a measure for the suitability of a specific weapon system for a certain task. The examples shown contain completely arbitrary data. The functionalities of the tool are based on the main aspects of the method:


· Input, storage and maintenance of tasks;


Tasks are described by their required effects. A list of generic tasks is shown for a specific target object type. It is noted whether the effect needs to or must be obtained (mandatory or not), and at what range the effect needs to be established. 


Note: The example screens display the Function and function names where Effect and associated effects are used.
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Figure 3: Software example screen: task input.


· Input, storage and maintenance of weapon systems; 


Weapon systems are described by their capabilities. Weapon system capabilities comrise effects which are similar to those required by tasks. The same list of generic effects is used. And at what range the effect can be established is added as a parameter. Additionally a parameter is added giving an indication of the expected amount of collateral damage with respect to the effect – range values and the selected target object type. 
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Figure 4: Software example screen: weapon system input.


· Comparing a selected set of weapon systems and tasks, resulting in an assessment report for each task-weapon system combination.
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Figure 5: Software example screen: compare.


4.0
CONCLUSION and Future applications


The result of the investigations is a method and a proof-of-concept implementation to assess the suitability of effects of weapon systems for tasks. Therefore weapon systems and tasks are transformed in a neutral format which enables comparing weapon system – task combinations. This has been realised by:


· describing a weapon system as a set of capabilities based on generic effects;


· describing a task as a set of required effects;


· relating specific parameters to the capabilities and to the required effects.


The method and tool described do not claim to give exact answers or to provide an objective way for selection of a weapon system in any environment. As such it will very unlikely be used in the field. It is a simple tool and merely a first research step into the area of EBAO at the lowest level of operations. 


It can be seen as a first approach to a more extended and mature method and application. During the development additional methodical steps have been identified to extend and improve the method. One of the steps has been mentioned: the addition of parameters for the cost and benefit of using a weapon system. Future work might address the following topics.

The method and software have only be minimally tested on usability and usefulness. Trying it out with domain experts may clarfiy the strengths and weaknesses and lead to future extensions. 


Only a single weapon system for a task has been addressed in the limited scope of the project. In practice mixes of weapon systems are present. The method might be extended in this respect. Also distributed capabilities and effects might be considered. 


Another way to extend the method and software to relate required effects to available capabilities is to obtain the physical results (damage) of a weapon system on various targets. Therefore tasks and weapon systems can be specified as a set of values describing the physical characteristics of an interaction. 


The tool has been designed as a first step to support the selection of weapon systems for tasks. Future investigations will also address using the method in other defence processes, such as acquisition of new or upgrades for existing weapon systems. 


We consider to use the tool as a Quick Task Scanner for new tasks. We might introduce new tasks by describing them in terms of the generic functions available in the software tool. With newly defined tasks we may analyse the suitability of weapon systems for the task and find the most appropriate one.  


The tool might be used for Flexibility Rating to rate a weapon system on flexibility of use before acquisition. This can be obtained by investigating which tasks can be feasibly carried out using a specific weapon system or weapon system design.
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Scope of the paper


The aim of our research was to choose the optimal mortar for the infantry battalion's mortar battery. The comparison was carried out using Analytic Hierarchy Process methodology (AHP) [1]. In our study we describe the application of Multi-Criteria Decision Analysis methods to select optimal military equipment, and we also show other mathematical models which could be useful to solve decision-making problems. During the process of solving this problem, the most important task was the calculation of weights that show the importance of various attributes. Since in this situation there are many decision makers (for example battalion commanders, battery commanders, infantry and artillery officers), we prepared an opinion survey. We asked 32 officers about the importance of attributes and we calculated 32 vectors based on 32 questionnaires. The result was 32 vectors, each of which described one officer’s opinion. One of our goals was to calculate the differences among these opinions. In order to do this, we processed these vectors with Multi-Dimensional Scaling, Cluster Analysis and Box Plot Analysis. The research was carried out through the following steps: 


1. Mortar selection criteria.

2. Calculating weights.

3. Comparison using AHP.

4. Sensitivity analysis.


mortar SELECTION criteria 


The medium-term plan of the Hungarian Defence Forces is to acquire mortar batteries for infantry battalions. In the past we used 120 mm mortars exclusively. Regarding the experience of the last decades, the tasks of the armed forces have changed, therefore we wanted to find out what calibre and what type of mortar is most useful today. In view of our own and foreign experience we selected 8 mortars for comparison:  4 of 81 mm and 4 of 120 mm calibre. In order to avoid the impression of commercial advertising, the manufacturers of the mortars cannot be named. 


Criteria:


Rate of fire: 

The frequency with which the mortar can fire its projectiles. [Round/Minute]


Range:

The maximum distance of effective target engagement. [m]


Fragment effect: 

Effective range of fragments. [m]


Displacement time: 
Time needed for the battery to dispalce from its firing position. [Minute]


Battlefield mobility: 
Is the mortar man-portable? [Yes/No]


Artillery experts selected these five criteria. They had considered all the necessary criteria and reduced them to these five. This number is very important. If it were too high, it would make modelling the problem too difficult, and would also increase the possibility of errors in the model. We think that more criteria usually do not yield a more correct result. On the other hand, if the number of criteria is too low, it cannot contain enough information. It follows that there is an optimal number of criteria. Based on our former experience we advised the artillery experts to choose fewer than eight criteria [2].


Calculating weightS


The calculation is based on a survey. We made two types of questionnaires. In the first type (Figure 1) the expert had to make a preference order of the criteria. The second type (Figure 2) was an AHP form which was developed from our criteria. 32 experts completed the questionnaires. 


Box Plot Analysis


The first questionnaires were processed by box plot analysis. Figure 3 shows the results. The vertical axis shows the criterion’s position in the order. The box plot analysis is a good method to examine the opinions of experts. The boxes show the Interquartill range. The size of this range shows the dispersal of the experts’ opinions. If this box is small, the difference s among the experts' opinions is small, too. If we compare the positions of the boxes we can decide the order among the criteria. For example the box of the second criterion (Range) is between 1 and 2. Its median is 1. This means that at least 50% of the experts think that this criterion is the most important but there are many experts who  think otherwise. The box of the first criterion (Rate of fire) is between 2 and 3, its median is 2. It means that at least 50% of the experts think that this criterion is second in importance among the criteria. It follows that the majority of experts believe that the range of a mortar is more important than its rate of fire.


If we look at the other boxes we can see that these boxes are bigger than the first two boxes. We cannot clearly determine the order between these criteria. An average cannot be calculated based on the results of the Box Plot Analysis. The differences among the experts’ opinions are too high; therefore an average number can not represent all the experts. One possible solution is to group the experts according to the similarity of their opinion concerning a criterion's importance, and generate weights based on the groups. 


The result of the first type of questionnaire was simple order. There are some methods which could be useful to group experts with similar opinions, for instance the rank correlation method, but there is a problem. Our goal is to calculate weights. Weights can be calculated based on the arithmetic mean, but cannot be calculated based on the order mean. Therefore we used another type of questionnaire. That was an AHP questionnaire, whose results were ratio scale numbers. These numbers can be expected to have arithmetic mean and this can be the weight.


The results of the Box Plot Analysis show high dispersion among the experts’ opinions. Based on it we have to say: there are many different opinions (artillery and other officers and NCOs) about mortars. This statement is confirmed by the last box in the Figure 3. This box shows the range of opinions about the mortar’s mobility, and we know that there is a huge difference between the 120 mm mortars and the 81 mm mortars mobility. This is the largest box, and it follows that many experts consider large calibre mortars desirable, but another large group prefers small calibre ones.

In general, our goal was to select the best military equipment to use, therefore the selection had to be based on the user’s requirements. But what should we do if these requirements are not clear? According to preliminary results we can assume that the users themselves are not very certain about their own requirements. Which one is the most preferable? 

Multivariate Statistics


The second type of questionnaire was based on AHP methodology. We determined the eigenvectors of the 32 experts’ 32 Paired Comparison Matrices and checked their consistency. Because of the significance level 13 were acceptable. These results were ratio scale number as AHP methodology.


We used two types of multivariate statistics model: Cluster Analysis or clustering and Multidimensional scaling. Both methods are based on a kind of distance measurement. The methods use the vectors of the experts. Each expert has a five dimensional vector which shows the weights he is assigned and it contains his opinion about the weapon. The methods measure the distance among the vectors and this distance shows the difference among the experts’ opinions.


Figure 4 shows the result of clustering. As shown in Figure 4, a hierarchical method was used. Hierarchical algorithms find successive clusters using previously established clusters. Hierarchical clustering has a divisive algorithm. In the first step each expert forms a cluster therefore in the beginning we have 13 clusters. In the second step the algorithm searches out and groups the experts with the least difference in opinion. The new clusters are formed around this member. In this case these are 2,5; 1,30; 6,31;12; etc. The last step forms a single cluster that has 13 members.


In order to obtain more accurate results, Multidimensional scaling was carried out. Input data of Multidimensional scaling are the vectors of experts. The method of Multidimensional scaling calculated Squared Euclidian Distance between these vectors, and based on it plotted the experts as points in a  two dimensional coordinate system. The result of the MDS is 13 points in a plane (see Figure 5). Each point represents an expert. When we examine the result we have to look at the position of the expert. Based on the mathematical model, if two or more experts’ points are located close to each other, then the opinions of these experts’ are similar. If they are located far from each other, they have different opinions about the mortar.


Figure 5 shows the result of this analysis. Based on the two methods’ results we separated 4 subgroups, as follows: 


A: S1, S2, S5, S10, S30


B: S6, S9, S12, S31


C: S24, S25


D: S20, S21


There is only one difference between the two results. The two methods put S10 into different groups. If you examine his position on Figure 5, you find that this expert's position is ambiguous. In this case there are two possible solutions. The first one is to eliminate this expert; the second one is to decide his position using other information. We examined his personal vector and based on it we put that expert into Group A.


According to cognitive psychology, an individual makes decision on the basis of an inner scale of values he is often not aware of. For instance, on the questionnaires he may mark range or fragment effect as more important than mobility, because he prefers the much bigger 120 mm mortar to the 81 mm one. Using Multidimensional scaling, these internal factors were established. In this case the Figure 5 axis shows these internal factors. We identified the internal factor based on the bar graphs of Figure 6. Each describes one group’s average opinion about the mortars. We calculated it with arithmetic mean. Location of the bar graphs is similar to the result of Multidimensional scaling in Figure 5. We examined the changing of the criteria’s weight on the axes. 

We can name the first three criteria (Rate of fire, Range, Fragment effect) as firepower. If you look at Figure 6, you can see that mobility increases from left to right. The vertical axis shows the changing of the fire power’s three criteria’s importance. The range and the fragment effect increase and the rate of fire decrease from bottom to top. If you examine displacement time, you can see that there are no correlations with the axis. 


If we examine Groups C and D we can say:


They prefer mobility to firepower. It follows that they want an 81 mm mortar.


If we examine the Groups A and B we can say that:


They prefer firepower to the mobility. It follows that they want a 120 mm mortar.


If you compare the groups in the top and the bottom you can see that the experts on the bottom prefer range and fragment effect to rate of fire. If an artillery piece has great range and high fragment effect but it has medium rate of fire, it is a gun. On the bottom the expert want an artillery piece that has great rate of fire and medium range and fragment effect. 


Based on Figure 6 we can say that:


We grouped the experts into four groups. Each group has a separate opinion about the mortar. There is no group that represents average opinion. The right side wants 81 mm and the left side wants 120 mm. The top wants a gun and the bottom wants a mortar. The experts are balanced between medium calibre and small calibre, and they are balanced between the types of artillery. It is an interesting to note, that the experts of Groups C and D are members of the Light Infantry Brigade, which rarely takes part in peace keeping missions. The Group A and B expert are mainly members of the National Defence University and the HQ of the Hungarian Defence Force. There is one result based on current practical experience, and there is another result based on plans and scientific research. 


There is a huge difference between the four groups' opinions, but we have to calculate a single weight vector, because it is necessary for further calculations. The average calculation is not recommended because the results do not properly represent the groups. 


If we can not determine the average opinion, than we have to determine the opinion of the majority. To select the majority we used the first type of questionnaire. This questionnaire shows order of criteria. This is not suitable for calculating weights but is suitable for identifying the majority. 71% of the 32 experts prefer firepower to mobility. As Figure 6 shows, Groups C and D consist of only 4 members, and Groups A and B consist of 9 members, i.e. 69%. Based on it we declare that Groups A and B show the majority opinion. No distinction was made between the two groups; therefore further calculations of two vectors were used. It follows that we have two outcomes: one for Group A, and one for Group B.


Comparison using AHP


Our 8 mortars were ranked by using the AHP regarding their criteria and their weights. AHP do not use the utility function. The decision maker defines the ratio witch shows the difference between the utility of alternatives. A criterion can be subjective for instance ergonomic or aesthetics. In this case the decision maker directly decides the mentioned ratio. If we can measure a criterion, for instance rate of fire, using these numbers we can determine ratios, and we can make the Paired Comparison Matrices of AHP.


Measurements of the Rate of fire, Range, Fragment effect are based on the 1st point. Battlefield mobility is a true or false criterion, if the mortar is man-portable, it has a value of 1 point, if it is not, then it has a value of 0.


We calculated every mortar's overall score. We used the following expression:
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xj overall score of mortar number j;


wi weight of criterion number i;
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aij score of mortar number j by criterion number i;


aijHE score of mortar with High Explosive projectile number j by criterion number i.

Figure 7 and Figure 8 show the overall utility of the mortars. Figure 7 shows the utilities of Group A, and Figure 8 shows the utilities of Group B. Each 120 mm mortar has two points; the first shows its utility with He projectile and the second one shows the utility with Extended Range projectile. If you compare the two figures, it is clear that 120 mm mortars with Extended Range projectile is significantly better than the others therefore, only the High Explosive projectile scores are examined further.


If you examine the result of Group A you can see that the 5th mortar has the highest score. This is a 120 mm one. On this basis it seems that this is the best mortar.


The result of Group B is not clear. The best mortar is the first one and his score of 0.71, but the second best has score of 0.69. The difference is very small, therefore the order is ambiguous. Against this background, we were looking for a method which can check the possibility of change order.


Sensitivity analysis


Using the Multi-Criteria Decision-making model we have no information about the accuracy of the results. It may cause problems if the results, which are single numbers, are close to each other. In this case we calculated intervals, using the following hyperbolic programming, instead of numbers, and by comparing the intervals we have reached convincing results [3].
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wi+ , wi– input data that show the change of weight, in this case ±15%;


xj+ , xj–  output data that show the change of overall score.

Figure 9 shows the result. The figure shows the intervals of the mortars. The intervals indicate the change of score for every 15% change of weight. These intervals are shown by thick horizontal lines. In order to make it clearer visually, vertical lines run from the ends of the best mortar’s interval to the X axis (shown in Figure 9 by a slash pattern square). Examining this square we can see where the other mortars’ intervals overlap.

Figure 9 shows sensitivity analysis of the result of Group A. You can see clearly that the 120 mm mortar with Extended Range projectile is far superior to the other types.


If you examine the interval of M5 you can see that this is the best mortar for High Explosive and Extended Range projectiles, but the total order is not clear because the M1, M2 M3 mortars’ intervals overlap.


Figure 10 shows sensitivity analysis of the result of Groups B and C. You can see that most intervals overlap. We can not choose the best type. 


Group A result and its sensitivity analysis show clearly that M5 is the best and sensitivity analysis of Group B does not preclude the primacy of M5 therefore in this case also the best solution choosing M5 type mortar.


Summary


The goal of the research was to choose the best mortar for the infantry battalion. In order to reach this goal we used Multi Criteria Decision Analysis. The users’ requirements were assessed by a survey. Based on the survey and using AHP the best solution was identified, and the accuracy of comparison was checked by sensitivity analysis. 


Based on the survey and the processing of data we summarize the following result:


1. Users have different opinions about the capabilities of mortars.


2. The majority prefer a 120 mm mortar.


3. The best solution selected is M5 type mortar which meets most user requirements.
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Figure 7


Result based on the opinion of Group A
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Figure 8


Result based on the opinion of Group B
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Sensitivity analysis of result of Group A
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Abstract

There is a long and documented history of both cost growth and estimating optimism within military programmes.  This is particularly the case for multi-national programmes.  The NATO ALP-10 –Guidance on Integrated Logistics Support for multi-national equipment projects (ILS) dated June 1990 (Reference [1]) states the following: Multi-national equipment projects will be required to implement a life cycle cost programme.  The purpose of this programme is to ensure that the developed system will have the lowest possible life cycle cost consistent with performance and schedule requirements.  


The results of life cycle costing must, whatever the phase of the programme, contribute to the process by which managers can make the best decisions on options presented to them.  

The process of generating realistic cost estimates is based on the application of appropriate methods and models. It is essential that future NATO programmes have a framework within which to start generating realistic and consistent life cycle cost estimates.


The objective of this paper is to present the findings to date of NATO RTO SAS studies to develop this framework.  The first step in this framework was to develop the generic life cycle cost breakdown structure under NATO RTO SAS-028.  The next step was to define methods and models within this framework and to develop a guideline for Life Cycle Costing which is the subject of NATO RTO SAS-054. The succeeding working group NATO RTO SAS-069 summarized the work of NATO RTO SAS-028 and NATO RTO SAS-054 in a Code of Practice for Life Cycle Costing. 


The paper is concluded with the next step in the NATO cost improvement process, i.e. to exercise the guideline for example programmes. In this new working group (NATO RTO SAS-076) an independent cost estimate is conducted on three systems to demonstrate proof of concept. The results of these ICEs will be used to improve the guideline and the code of practice.


1. introductioN

Already in 1999 it was concluded that NATO is lacking a uniform approach on Life Cycle Costs. 

Most nations use their own Cost Breakdown Structure (CBS) for national programs. It was also recognised that within NATO studies there was a lack of common definitions and methodologies within the domain of Life Cycle Cost (LCC) analysis.

It is, however, essential that future NATO programmes have a framework that can be applied to generate realistic and consistent life cycle cost estimates. 

The objective of this paper is to present the findings to date of NATO RTO SAS studies to develop this framework. The first step in this framework was to develop the generic life cycle cost breakdown structure under NATO RTO SAS-028.  The next step was to define methods and models within this framework and to develop a guideline for Life Cycle Costing which was the subject of NATO RTO SAS-054. The succeeding working group NATO RTO SAS-069 summarized the work of NATO RTO SAS-028 and NATO RTO SAS-054 in a Code of Practice for Life Cycle Costing.

The structure of the paper follows more or less the structure of the code of practice produced by NATO RTO SAS 069 (see ref. [2]). This report summarized the work of NATO RTO SAS-028 and NATO RTO SAS-054 in a Code of Practice for Life Cycle Costing.

In section 2 the definitions are given, section 3 gives a motivation for doing LCC-analysis. Section 4 details the stakeholders who can benefit from the analysis. Section 5 provides when to do a LCC anlysis. Section 6 is the main part of this paper and gives an overview of what is required to conduct a LCC analysis. The paper is concluded with the next step in the NATO cost improvement process, i.e. to exercise the guideline for example programmes. 

2. What is Life Cycle costing?

LCC is used in different ways and the way analysts and decision makers use LCC has necessarily an impact on its definition and thus on the CBS. This aspect includes the classification of costs into several categories (direct, indirect, variable, etc.), the definition of LCC variants (LCC, TOC, COO, WLC) and the use of each one.

More details on the definitions and the glossary of LCC terminology can be found in (ref. [3]).


The following definitions have been developed:

Linked costs: Costs that can be associated to the acquisition, operation, support and disposal of the system. Example: system specific training.

Non linked costs:, Costs that cannot be readily associated to the system. Examples: medical services, ceremonial units, basic general training (not related to a specific equipment), headquarters and staff, academies, recruiters, etc.


Direct  costs: Costs referring to activities that can easily be allocated to a system or product. Example: Costs for a system specific tool.

Indirect costs: Costs referring to activities that can be associated to several systems and cannot easily be distributed between them. Example: Cost for a multi-functional tool.

Variable costs: These costs are affected by the existence of the system. They fluctuate with a characteristic of the system. Example: Costs for fuel.

Fixed costs: These costs do not vary because of the existence of the system. 
Example: Costs for infrastructure.

Life Cycle Cost (LCC) consists of all direct costs plus indirect-variable costs associated with the procurement, O&S and disposal of the system. Indirect costs may include linked costs such as additional common support equipment, additional administrative personnel and non-linked costs such as new recruiters to recruit additional personnel. 
All indirect costs related to activities or resources that are not affected by the introduction of the system are not part of LCC. 
LCC comprises the marginal costs (both direct and indirect) of introducing a new equipment or capability. LCC is used as a minimum for the analysis of alternatives; it does not include notional allocation of costs, whereas TOC and WLC might do so. 
LCC is used to compare options of alternatives, and often for economic analyses. 


LCC: Life Cycle Costs = direct costs + indirect, variable costs


Total Ownership Costs (TOC) consists of all elements that are part of LCC plus the indirect, fixed, linked costs. 
These latter may include items such as common support equipment, common facilities, personnel required for unit command, administration, supervision, operations planning and control, fuel and munitions handling. 
TOC represents all costs associated with the ownership of a system except non-linked fixed costs that are related to the running of the organisation. 
TOC is used for budgeting purposes, determining the use of services between systems, for optimisation purposes and for financial analysis. 


TOC: Total Ownership Cost = LCC + linked, indirect, fixed costs

Whole Life Costing (WLC) consists of all elements that are part of TOC plus indirect, fixed, non-linked costs. These latter may include items such as family housing, medical services, ceremonial units, basic training, headquarters and staff, academies, recruiters. 
In WLC all costs or expenses made by the organisation are attributed to the systems or products they produce. 
As WLC represents the total budget provision including such element as headquarters costs, it allows the visibility of the complete allocation of funds. 
WLC is used for a strategic view and high level studies.

WLC: Whole Life Cost = TOC + non linked, indirect, fixed costs 


3. Why Do Life Cycle Costing?


The NATO ALP-10 guidance (ref. [1]) states that all multi-national programmes must implement a life cycle cost programme.  A life cycle cost estimate, done properly, is the single best metric for measuring the value for money of defence resources.  This metric, in turn, is useful in wide range of applications including:


· Evaluating alternative solutions and source selection

· Assessing the affordability of the programme


· Managing existing budgets 

· Developing future expenditure profiles


· Evaluating cost reduction opportunities


· Evaluating areas of financial risk and uncertainty.


· Improving the business processes of the organisation. 


There are clear and unequivocal benefits to be gained by all the stakeholders through undertaking a life cycle cost analysis on the system of interest.  These include:

· Providing a better insight of all the costs in the programme and identifying the key cost drivers for potential cost savings.


· Providing a realistic planning programme and budgeting through a methodical and consistent estimating approach.


· Providing the basis for measurement of effective organisational and logistic scenarios and provisions.


· Providing a measure to evaluate two or more technically different solutions to assist the decision making process.

4. WHo can benefit from Life Cycle costing?


Life cycle costing is a very useful process to support the control and management of all the mandatory and stakeholders’ multi-criteria requirements in the most effective and economical way. 


The stakeholders in the life cycle are those who have a justifiable claim to be allowed to influence requirements which defines the system of interest.  These include, but are not limited to:

· Those affected by the system of interest, such as clients and suppliers;

· Project and programme managers who are concerned for the system of interest to succeed;

· Regulators such as defence decision makers, local and state governments and standardisation bodies;

· Those involved in the development, acquisition and support organisation such as engineers, architects, planners and financial personnel.

5. When to conduct Life Cycle COsting?

The approach taken to conduct life cycle costing is highly dependent on the life cycle stage of the system of interest as this determines the availability of data and the technical maturity of the system. 


NATO, through the AAP-48 Life Cycle Stages and Processes (ref. [4]), has adopted ISO 15288 System Engineering – System Life Cycle Process (ref. [5]) for dividing the life cycle stages, as presented in Figure 1. 




Figure 1: Life Cycle Stages


Each stage requires a different approach in conducting Life Cycle Costing.  


Concept Stage The concept stage starts after the decision to fill a capability gap with a materiel solution and ends with the requirements specification for this materiel solution. 

Development Stage The development stage is executed to develop a system of interest that meets the user requirements and can be produced, tested, evaluated, operated, supported and retired.  


Production Stage The production stage is executed to produce or manufacture the product, to test the product and to produce related supporting and enabling systems as needed. 

Utilisation Stage The utilisation stage is executed to operate the product at the intended operational sites, to deliver the required services with continued operational and cost effectiveness. 


Support Stage The support stage is executed to provide logistics, maintenance, and support services that enable the continued system of interest in operational and sustainable service.  The support stage is completed with the retirement of the system of interest and termination of support services. 


Retirement Stage The retirement stage provides for the removal of a system of interest and related operational and support services and to operate and support the retirement system itself.  This stage begins when a system of interest is taken out of service. 

Life Cycle Cost analysis should be applied as early as possible in the life cycle of the system of interest, as the greatest opportunities to reduce life cycle costs usually occur during the early phases of the programme (as shown in Figure 2).



Figure 2: Traditional LCC committed versus incurred cost curve

6
What is required to conduct Life Cycle Costing?

Before a life cycle cost can start many factors have to be determined as they have influence on the way a Life Cycle Cost analysis can be conducted. These factors include: the objective, requirements, constraints and the assumptions are discussed below. Furthermore, the CBS, methods and models to estimate costs were reviewed and issues related to data collection, uncertainty and risk, reporting and presentation  and multi national aspects were discussed. Furthermore for all these topics recommendations were provided.


6.1
Objective


Prior to any costing activity it is essential to define what is to be estimated and understand what the estimates will be used for (e.g. setting budgets, options evaluation, pricing, etc). 


The system of interest could range from a large turnkey project (e.g. a major capital investment), a stand-alone system (e.g. individual platforms such as a ship, aircraft or tank) to a worldwide application (e.g. theatre(s) of operation and use). The approach to be adopted needs to be tailored to suit the questions to be answered, the costing requirements and the availability of suitable data. With some variation (to the level of detail), the same basic approach to life cycle costing can be applied to all projects regardless of their specifications.

6.2
Requirements


A requirement is a singular documented need of what a particular product or service should be or do.  It is a statement that identifies a necessary attribute, capability, characteristic, or quality of a system in order for it to have value and utility to a user. 
A clear understanding of the requirements, which is a statement of needs, relating to the system of interest is essential to conduct life cycle costing.
There are three  main categories of requirements and each one of them represents a specific area of the stakeholder’s and user’s interest for the new system of interest: 

· Operational requirements are a set of information representing all identified needs of the stakeholder, in order to fill an existing operational gap.

· Technical requirements are the information deriving from the translation of the stakeholder operational requirements into a set of measurable technical specifications of the new system of interest.

· Performance requirements represent the services that the new system of interest should provide to the user, according to the stakeholder requirements.


Analysing the stakeholder requirements is called the Requirements Analysis Process and is performed during the Conceptual Stage of the Life Cycle Stages ISO 15288 (ref. [5]).
In order to define the Stakeholder requirements, the steps of the Stakeholder Requirements Definition Process, as described in AAP-48 (ref. [4]) must be followed.
Once the requirements are defined then the estimation of the life cycle cost of the system of interest can begin.


6.3
Identification of constraints


The identification of the constraints is required as they will influence the life cycle costing process.  There are two types of constraints.

External constraints: Though the benefits of life cycle costing are recognised, the approach for its use and implementation could vary from Nation to Nation, due to:


· Time constraints imposed by decision makers. 

· Potential high number of organisations involved.


· Limited and suitable resources to support life cycle costing.


Internal constraints: These constraints are inherent to:


· Data availability 

· Limited and suitable resources to conduct life cycle costing


· Maturity of requirements definition

6.4
Assumptions

The lack of information (e.g. data related to an operational scenario, system life and support organisation) of any kind or in any stage makes it necessary to identify and record assumptions in order to develop a complete life cycle cost of the system of interest. 


In order to maintain an appropriate audit trail it is necessary to record and document all changes to data and assumptions during the estimating process.


It is good practice to undertake a sensitivity or “what if” analysis on key assumptions.  An example would be to examine how maintenance costs would vary with different values of system reliability.

6.5
Cost Breakdown Structure


A Cost Breakdown Structure (CBS) is used to ensure that all relevant cost elements related to the system of interest are identifeied, defined and will be considered.  This may be defined as an organised list of all cost items related to the life cycle of a system or programme.  

6.5.1
Definition


A CBS must satisfy some requirements such as:


· Being easy to develop, use and update;


· Sufficiently comprehensive to include all relevant cost items;


· Being clear in terms of cost definitions;


· Be flexible in order to be adapted to different systems;


· Comparable to other cost breakdown structures enabling decision makers to make option analyses.

Life Cycle Cost can be broken down in a number of ways.  Examples of breakdowns are:


· By time (year, month, or life cycle stage) 


· By type of costs (direct, indirect, linked, variable or fixed) 


· By product (systems, subsystems, components)


· By process/activity (management, engineering, maintenance etc.)


· By resources (personnel, equipment, consumables)


· By organisation:

· unit, service branch, etc.


· nation (multinational programme)


· public/private company 


Most of these breakdowns are not mutually exclusive, and a CBS will typically involve a combination of a number of these types of breakdowns.  

In the NATO RTO SAS-028 report (ref. [3]) is suggested to break the cost down by “resource” used by an “activity” applied to a “product”.


· The product tree defines all relevant product elements during the life of a system. 


· The activity list defines all possible activities performed during the life of a system. 


· The resource list defines all possible resources used by the activities. 


The list of all cost elements is then obtained by combining the product tree, the activity list and the resource list. This is illustrated in figure 3. 
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Figure 3: Cost Breakdown Structure

6.5.2
Review


The NATO generic cost breakdown structure developed by NATO RTO SAS-028 (ref. [3]) has been reviewed by nations and organisations participating in RTO SAS-054.  This Task Group recommended in their report (ref. [6]) some changes to the NATO generic cost breakdown structure based on recent OCCAR experience in implementing it on multi-national programmes.

6.5.3
Recommendations


Enhancements to the GCBS (generic cost breakdown structure) to improve its use


· It has been found that most nations have not adopted the generic cost breakdown structure reported by SAS-028 (ref. [3]) as their national life cycle cost breakdown structure.  However, the NATO generic cost breakdown structure has been applied on specific multi-national programmes and some areas of enhancement are recommended.  
The structure does not allow the identification of the life cycle cost results over the time phasing for national financial and programme contributions.  Therefore, it is recommended to include two dimensions in addition to the Activity, Product and Resource dimensions.  These additional dimensions are:

-
Time phasing


-
National contribution


· The coding of the Generic Cost Breakdown is complex for non-experts. So it is recommended to adopt a Generic Hierarchy for the GCBS as provided in figure 4. This gives an instant overview of a CBS, based on stages and activities. For large, complex and very detailed CBS structures, however, it is recommended to assign a numeric order code to each cost element in the CBS.
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Figure 4: CBS Generic hierarchy

6.6
Data

Data is required in order to conduct a life cycle cost analysis.  In terms of time, effort, and resources consumed, collection of data is a major part of a life cycle cost study.  Life cycle costing is a data driven process, as the amount, quality and other characteristics of the available data often define what methods and models can be applied, what analyses can be performed, and therefore determine the usefulness of the results that can be achieved.


6.6.1
Review

The amount and quality of data available often increases in time with the maturity of the system of interest, and the level of assumptions decreases.  As more data becomes available less assumptions have to be made, and more detailed methods can be used to estimate costs. Unfortunately, because uncertainty, risks, and opportunities decrease as the life cycle progresses, the need for knowledge is greatest at the earliest stages. This means that more time and resources should be allocated to the data collection effort during the earlier stages of the life cycle in order to develop an acceptable and auditable life cycle cost estimate.

Figure 5 illustrates the relationship between data maturity and level of assumptions to be applied.



Figure 5: Relation level of data maturity and level of assumptions


6.6.2
Data Sources

Life cycle costing requires a wide variety of data and these must be collected from an even wider variety of sources.  When preparing a cost estimate, analysts should consider all credible data sources.  A distinction can be made between internal and external data.


Internal data can be defined as data generated internal to the programme.


External data is provided by a data source outside the programme. External data sources can be industry or other military branches or other organisations.

In order to collect data from external sources cost estimators and the programme managers may use templates for a life cycle cost questionnaires as part of an Invitation to Tender, Request for Information, Request for Quotation or Request for Proposal.


6.6.3
Data Normalisation


Raw data for life cycle costing originates from a variety of sources.  There is generally a lack of uniformity in the data and therefore a certain amount of normalisation is unavoidable.  Generally, data normalisation covers changes and adaptations to make it applicable for use in a cost model.  The main areas of data normalisation include:


· Adjusting all data to a Base Year.  This will facilitate the analysis of the financial data on a comparative basis.


· Appropriation of constant and current year cost data to account for anticipated inflation.


· Selection of correct indices for conversion.


· Selection of correct exchange rates.


· Adjusting costs and/or data for technical specifications such as size, weight, complexity, maturity, etc.


· Adjusting costs and/or data or performance data for different operating profiles, temperatures, mileage, etc


· Adjusting prices for lot sizes, learning curves, producer capability, etc


6.6.4
Recommendations


Investments should be made to increase the accuracy, visibility, and availability of cost, programmatic, technical, and performance data within the NATO/PfP cost analysis community.

· Data collection forms a large part of the life cycle costing activity and significant effort is expended to gather and analyse the data so that it is suitable for use in life cycle cost analysis studies.  Improvements in data exchange standards or even the development of a NATO costing database would: 

(a)
Improve the quality of the life cycle cost estimate. 

(b)
Reduce the effort needed to conduct the life cycle cost estimate. 

(c)
Reduce the time schedule to conduct the life cycle cost estimate. 

6.7
Methods


There are many methods available to conduct life cycle cost estimates.  It is important to understand the applicability and boundaries of each method in order to use them appropriately. 

6.7.1
Review

The SAS-054 report (ref. [6]) has captured all the key estimating methods and provided examples to demonstrate their applicability.  For consistency, both the methods and models have been categorised as Optimisation, Simulation, Estimation and Decision Support.  The findings confirmed that almost all nations used a similar process to develop life cycle cost estimates; that the quality of the available data nearly always determined the method to be employed; and, in addition, that the type of study also influenced the process and the selection of the appropriate method.

Figure 6 shows an example of the most common application of methods in each stage of the programme life cycle.  A more detailed overview of appropriate methods can be found in the report of NATO RTO SAS-054 (ref. [6]).
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Figure 6: Cost Estimating Methods

6.7.2
Recommendations


Life cycle cost estimates should be fully documented.

· A cost analyst should be able to re-create the complete estimate working from the documentation alone.


· All assumptions and data related to the study should be captured in an Master Data and Assumptions List (MDAL) or Cost Analysis Requirements Document (CARD) or similar document.


· Assumptions recorded in an assumptions list such as the MDAL or CARD should be questioned by an independent technical team.


All life cycle cost estimates should be prepared by suitably experienced personnel.


· Decisions such as budget setting and options analysis studies are often conducted when data to support cost forecasting and life cycle costing is very sparse.  It is therefore essential that experienced personnel is used to conduct the life cycle cost estimates to support the decision process at these key stages.


The life cycle cost analysis should include an affordability analysis 


· Affordability plays an important part in programme decisions throughout the life cycle.  Even before a programme is formally approved for initiation, affordability plays a key role in the identification of capability needs.  This aspect is part of the process which balances cost versus performance and in establishing key performance parameters.  Although this is not common practice in all nations the assessment of affordability is one that we recommend should be conducted by all nations.

Life cycle cost estimates, where possible, should use two or more independent methods for each cost breakdown structure element 


· The use of two or more independent methods to develop the life cycle cost estimates will improve the confidence in the results and help to validate the outputs.  It is accepted that this may be tempered by the constraints imposed by a financial threshold or by a simple consideration of what the estimate will be used for (e.g., rough cost for initial views or detailed costs for decision making). So, the use of alternative methods should always be evaluated from a cost-benefit point of view.

6.8
Models


A Cost Model is a set of mathematical and/or statistical relationships arranged in a systematic sequence to formulate a cost methodology in which outputs, namely cost estimates, are derived from inputs.  These inputs comprise a series of equations, ground rules, assumptions, relationships, constants, and variables, which describe and define the situation or condition being studied.  Cost models can vary from a simple one- formula model to an extremely complex model that involves hundreds or even thousands of calculations.  A cost model is therefore an abstraction of reality, which can be the whole or part of a life cycle cost.
There are many models available to conduct life cycle cost estimates.  It is important to understand the applicability and boundaries of each model in order to use them appropriately. 

6.8.1
Review

The NATO RTO SAS-054 report (ref. [6]) showed that in developing life cycle cost estimates all the nations have in-house developed models that are based on a defined Cost Breakdown Structure.  Data for these models is estimated either by empiric methods or parametric formulae (for completeness, sometimes both techniques are employed).  The findings confirmed that there were many life cycle cost models in use and these are identified within the report.  Generally speaking, the use of more than one model to produce a life cycle cost estimate is considered good practice.  This would provide verification of the life cycle cost estimate.  However, the use of multiple methods and models should always be balanced with the knowledge and understanding of how the estimate will be used.  It is important to ensure that the life cycle costing activities are conducted in a cost-effective manner and balanced with what is realistically achievable at a specific stage in the programme.  It is also important to ensure that every model used for acquisition and life cycle costing is subject to calibration, verification and validation.  This will build confidence that the cost model is fit for purpose.  

6.8.2
Recommendations


All life cycle cost models should be validated

· It is essential that all life cycle cost models implemented through spreadsheets or more advanced programming techniques be validated by using recognised testing processes.  This will increase confidence that the model is fit for purpose and that the input data and results can be assessed through a clear audit trail and mathematical reasoning of any cost estimating relationships.


6.9
Uncertainty and Risk


Life cycle cost estimates of any new system of interest will inevitably contain uncertainty and risk. The definition of each term is given as:


· Uncertainty is the variance associated with the data and assumptions. 


· Risk is the consideration of potential adverse events and has two components (1) the probability of occurrence of an unfavourable event, and (2) the consequences of that event.


6.9.1
Review

Estimates are often made when information and data is sparse.  Estimates, in turn, are based on historical samples of data that are almost always messy, of limited size, and difficult and costly to obtain.  And no matter what estimation tool or method is used, historical observations never perfectly fit a smooth line or surface but instead fall above and below an estimated value.  To complicate matters, the weapon system under study is often of sketchy design.  


For all of these reasons, a life cycle cost estimate, when expressed as a single number, is merely one outcome or observation in a probability distribution of costs.  To better support the decision making process it is recommended that three point estimating is always undertaken.  A wide variety of methods and models available for conducting risk and uncertainty analysis of life cycle cost estimates of weapons systems have been.  Each, if used properly, can give scientifically sound results and provide a better yardstick for an accurate life cycle cost estimate.

Conducting risk and uncertainty analysis on life cycle cost estimates of the systems of interest is required to fully understand the possible variances in programme estimates in terms of cost.


6.9.2 Recommendations


The results of  a life cycle cost estimate should be shown as a three point range of estimates


· A life cycle cost estimate is not a single number but rather a continuum or distribution of possible values.


Risk and uncertainty analysis should be conducted following the principle for estimating risk and uncertainty as given in figure 7 


· By using this process for the estimation of risk and uncertainty, decision makers can budget a programme at a specific cumulative percentage level of risk and they will be able to know the financial impact of specific risk events.
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Figure 7: Principles of estimating risk and uncertainty

Risk and uncertainty analysis should be conducted at the same time as the life cycle cost estimate


· To better support senior leadership, some sense of risk and uncertainty needs to be presented at the same time as developing the point estimate.  This will present the decision maker with a comprehensive true view of the programme‘s likely eventual outcome.  

6.10
Presentation & Reporting

The results of cost studies are very important, as they should provide the stakeholders with an answer to their question.  It is therefore very important that the results should be presented and reported in a manner that the stakeholders can easily understand.


Results can be presented in a wide range of tabular and graphical forms.  The favour is to include graphical presentations of the results wherever possible.  This enables the widest possible audience to have a clear picture of the overall results while retaining the detailed tabular presentations for those that require them.


Two typical forms of graphical presentation (the spend profile and cost allocation pie chart) are shown in figure 8 and 9.  These figures indicate costs at a high level but can also be used to present a more detailed level as required.  For presentation purposes these costs have been truncated at Financial Year (FY) 18.





Figure 8: Example of a Baseline 




Figure 9: Example of a 
                Life Cycle Cost Spend Profile




  Life Cycle Cost Allocation

NOTE: The cost allocation percentage shown in this example should not be considered as being representative of all life cycle cost estimates.


The output of the life cycle cost study should be a report incorporating the results and conclusions as well as a presentation on the basis of those results.  It should include a full definition of the aims and conduct of the study, the definitions of the options studied, the costing boundary considered and the assumptions underlying the cost elements.  


The figures 8 and 9 represent single point estimates with no consideration to the presentation of uncertainty and risk.  Figure 10 presents a recommended approach for communicating results of a life cycle cost estimate to senior decision makers (see ref. [7]). 


The top line shows a three point range of estimates, and conveys the idea that a cost estimate is not a single number but rather a continuum or distribution of possible values.
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Figure 10: Recommended Presentation of Cost Estimating Risk Analysis

The top two shaded bars of the figure show the results of a historical trend analysis on similar programmes and the results obtained from the risk and uncertainty analysis reported at a given percentile.  The bottom shaded section, which should always be included in the presentation of the estimate, shows the key assumptions or scenarios associated with the low, baseline, and high estimates.


This approach will lead to the establishment of a sound, well-structured methodology for the conduct of and presentation of life cycle cost estimates.

6.11
Multi-National Programmes

Multi-national programmes involve at least two nations who have agreed upon the main principles of co-operation in a Memorandum of Understanding, or an equivalent arrangement, for one or several phases of the entire lifetime of that programme.  

6.11.1
Review

The life cycle cost studies for multi-national programmes follow the same principles as national life cycle cost requirements.  However, there are some specifics that have to be taken into account in terms of organisation, currency issues, studies, model(s) and presentation of the life cycle cost results.

A significant added value of a multi-national programme is the possibility to achieve savings by common procurement and support.  Therefore the scope of the multi-national life cycle cost studies could be focused on the evaluation of alternatives linked to the development of commonalities.


The basic principle for multi-national life cycle cost estimates is the definition of a common framework managed centrally by the entity in charge of the management of the Programme.  This entity could be a Pilot Nation or an International Programme Office or a NATO Agency.


6.11.2
Recommendations

For multi-national programmes the participating nations should agree on a common LCC framework 


· It is essential that all parties in a multi-national programme agree on a common life cycle cost framework.  This framework is determined by the costing boundary and the tools that will be employed to populate the framework.  A common framework will provide consistency, comprehensiveness, traceability and audit.  All are essential to achieve life cycle cost estimates in a timely and responsive manner.

7 next steps


The next step in developing a framework for generating realistic and consistent life cycle cost estimates is to demonstrate the proof of concept (methods and models) by using a practical application of the guideline.

In a new Task Group (NATO RTO SAS-076) an independent cost estimate is currnently conducted on three systems to demonstrate proof of concept.  This Task Group started in 2008 and expects to produce the final report early 2011.

Independent cost estimates are developed for the following systems:


· Landing Platform Docks (LPDs) for the Royal Netherlands Navy


· HMS Rotterdam

· HMS Johan de Witt

· NATO Alliance Ground Surveillance System (AGS)


· Canada’s Light Armored Vehicle III

The results of these ICEs will provide invaluable feedback on the accuracy and completeness of the guideline will be used to improve the guideline and the code of practice. 

7.1 Netherlands LPDs

For the Netherlands LPDs both an ex-post testing and an ex-ante estimation is applied.


Ex-post testing

For the Netherlands LPDs an independent cost estimate is produced, based on the SAS-054 guidelines for best practice, using the Data Assumption Desciption Document (DADD) (comparable with CARD or MDAL) at a specific point in time.  Historical data from 55 ships in classes is gathered and the R&D an investment cost will be estimated by using these data. From the Royal Netherlands Navy LPD programme office true costs are obtained.  During the study, risks and uncertainty will be analyzed, and costs generated over the life cycle.  Finally, after the ICE is completed, the task group will compare the results of the ICE with the actual acquisition cost of the weapon system under study.  These actual costs might include those for development or first unit production.  Differences between actuals and estimates will be calculated and analyzed. 

Ex ante estimation


An ex-ante estimate will be produced for the Operation and Support (O&S) costs using the operational profile of the ships and descriptive parameters.  This estimate will be compared with actual budgets and budget forecasts for the Netherlands LPDs

7.2 NATO AGS


Ex ante estimation


For the NATO AGS an ex ante estimation will be produced to support NATO and national decision making.  A estimate will be produced for the R&D and Production costs of the Global Hawk using technical parameters of the system.  These results will be compared with cost information in General Accounting Office report related to Unmanned Aerial Vehicles.  In order to estimate the costs of the  sensor and the associated ground stations a Parametric Model will be used.

7.3 Canada LAV III 

Ex-post testing


For the Canadian LAV an ex post estimation will be produced by gathering Canadian program actual cash flows and acquisition numbers per year. These actual costs will be compared with estimated concept stage and development stage total costs. The actual costs will also be compared with historical calculated acquisition cost per year. O&S costs will be calculated using average usage per year.

8 Conclusions


This paper presents the findings to date of NATO RTO SAS studies to develop a framework for Life Cycle Cost analysis in a multi national environment.  The first step in this framework was to develop the generic life cycle cost breakdown structure under NATO RTO SAS-028.  The next step was to define methods and models within this framework and to develop a guideline for Life Cycle Costing which is the subject of NATO RTO SAS-054. The succeeding working group NATO RTO SAS-069 summarized the work of NATO RTO SAS-028 and NATO RTO SAS-054 in a Code of Practice for Life Cycle Costing

The paper is concluded with the next step in the NATO cost improvement process, i.e. to exercise the guideline for example programmes. In this new working group (NATO RTO SAS-076) an independent cost estimate is conducted on three systems to demonstrate proof of concept. The results of these ICEs will be used to improve the guideline and the code of practice.
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Abstract 


There are two major transformations currently occurring that significantly impact acquisition and management of military systems.  Network Enabled Capability (NEC) demands careful consideration of interoperability for delivered systems; new systems must be introduced such that they are interoperable with current systems and legacy systems must be managed (upgraded, modified etc.) such that interoperability is maintained and, preferably, enhanced.  Eventually, NEC considerations should become ‘business as usual’, but for the time being special consideration is needed.  The second transformation is the introduction of the concept of Through Life Capability Management (TLCM).  Although new systems have always been planned with consideration of their maintenance etc., TLCM has a wider scope.  It requires consideration not only of the individual systems’ life cycles, but of the management of the super system in which new systems will operate.  The whole life costs, risks, and development must be considered by systems designers and owners.


These transformations are linked; interoperability is a key requirement of TLCM. Through a concept mapping of TLCM, Yue & Henshaw (1) have shown that TLCM implies a need for new approaches (new thinking) in defence systems design and acquisition.  Also TLCM requires the defence supply chain (industry) to have a changed engagement in the delivery and management of systems.  This, in turn, requires changes to the industry-customer relationship, such that new approaches to collaboration are a vital ingredient necessary for adherence to TLCM principles.


The NECTISE (Network Enabled Capability Through Innovative Systems Engineering: www.nectise.com) programme was a large academic-industry research programme (part sponsored by industry) to investigate the implications for systems engineering arising from NEC and TLCM considerations.  The programme included ten UK universities, and industry technologists and systems engineers from land, sea, air, and C4I domains.  


NECTISE considered systems processes and approaches from all parts of the capability management process (planning, design, change, and realisation in military operations).  A number of new tools and processes were developed and an important part of the programme was to demonstrate these in context and together.  This demonstration was achieved through development of a scenario that considered the full systems acquisition and management process.  By linking a set of vignettes with different timeframes it was possible to track an exemplar system through the planning to realisation and use stages.  The scenario development drew heavily on the TTCP GUIDEx approach to defence experimentation; this enabled effective multi-disciplinary collaboration and integration of many different research threads.


This paper will describe the scenario planning activity and outcome and illustrate the manner in which linked research outputs were integrated into a systems engineering demonstration.  The importance of systems architecting, both to the demonstration and (more importantly) as a key underpinning skill for TLCM and NEC will be emphasised.


The approach taken in this demonstration of research has implications for the approaches that should be taken for defence procurement decision making in a TLCM and NEC characterised acquisition environment.  These are described and the implications of TLCM for decision making is also highlighted.


1.0
introduction


Network Enabled Capability (NEC) (2-4) and Through-Life Capability Management (TLCM) (5-7) are two major transformations affecting the acquisition paradigm for the UK and other NATO nations.  These initiatives introduce new considerations that must be taken into account by the acquisition and supplier communities with respect to military capability.  Traditionally, the use of planning scenarios has been based on those that are generically representative of anticipated types of military operation.  In this paper we shall describe the use of a scenario that takes account not only of the operational aspects, but also of the through life aspects as well.  The work reported herein is based on demonstration to a wide range of stakeholders of research into NEC systems.  However, the approach could be applied more generally to understanding and informing the management of evolving requirements, appropriate to the present day complex commercial environment that provides and supports military systems.


The research programme upon which this paper is based was the NECTISE (Network Enabled Capability Through Innovative Systems Engineering) programme (www.nectise.com) (4,8,9).  This was a large academic programme across ten UK universities with support (both financial and technical) from industry that addressed the question: are you ready for NEC?  The programme had a 3.5 year duration, and its purpose was to develop the systems of systems engineering techniques and tools that would assist industry in meeting the customer aspirations for NEC.  The programme considered the question from the operational (i.e. military end users) and organisational (industry and civil service) communities’ perspectives.  The outputs were a range of tools and processes in the areas of through life systems management, systems architecting, supply chain decision support, and control and monitoring for autonomous systems.  A major activity within the programme was integrated demonstration of these outputs and it is the approach to creating the demonstration scenario that is the main subject of this paper.

The paper begins with a consideration of the particular challenges and factors that NEC, and then TLCM, introduce; it will be shown that there are many similarities and that, in fact, the NEC factors should become a set within the wider TLCM constraints and requirements.  An important model for NEC-readiness will be presented. The approach to creation of a TLCM/NEC scenario as part of a demonstration of capability will be described.  The difference between research demonstration and that of prototype systems will be emphasised.  Finally we shall consider the importance of systems architecting to the realisation of TLCM/NEC aspirations and the manner in which this can form part of the scenario planning activity.  The scenario demonstration approach we describe is recommended as a support activity to decision makers in the military acquisition communities to ensure that TLCM principles are taken into account.


2.0 Transformation


2.1
Network Enabled Capability (NEC)


NEC (2,3,10

ADDIN RW.CITE{{63 Blair, C.D. 2007; 65 Borgu, A. 2003; 64 Ferbrache, D. 2003}}-14) has been conceived slightly differently across the nations with advanced military capabilities, and there are a range of definitions; broadly we summarise it as: 


..the enhancement, or realisation, of military capability achieved through effective information sharing between geographically and/or temporally distributed sensors, decision makers, effectors, and support services.  


In general, it leads to better shared situational awareness of collaborating entities, which reduces the risk of error, and to greater agility in the prosecution of missions.  Agility is at the heart of NEC (15), in the sense that the objectives of NEC include the achievement of more rapid decision making.  It is also at the heart of NEC in the sense of being an objective for the delivery of NEC-ready systems.  The NEC developer community must create agile systems, and they must create them in an agile fashion to keep pace with the rapidly changing threats with which the armed forces must cope.


NEC is a systems of systems problem (16,17) and the NECTISE research programme (8) sought to develop the appropriate systems engineering tools, processes and skills to ensure that future systems are NEC-ready.  The programme developed an important model that relates NEC-readiness themes to each other (18) (Figure 1).  


[image: image1.png]/ Interoperability\

Agility -

\ Dependability /

Collaporatio®

Availability
Algeplopy






Figure 1: NEC-readiness themes


The NEC-readiness themes are the ‘ilities’ through which the maturity and suitability of systems for NEC-type operation may be inferred.  Such systems comprise all the components of the capability and not just the equipment part of the system.  That is to say the systems are built from the full set of Defence Lines of Development (5).  For the UK, these are Training, Equipment, Personnel, Information, Doctrine/Concepts, Organisation, Infrastructure, and Logistics.  Other nations have similar lines of development, e.g. the capability dimensions of the US are known by the initials DOTLMPF.


Figure 1 indicates that the agility objective is influenced by interoperability, dependability, affordability, and availability.  The whole is enabled by collaboration and knowledge management.  The realisation of NEC aspirations requires a number of key challenges to be addressed and the NECTISE programme developed the systems engineering capabilities needed to do so.  The priority NEC considerations for systems designers were determined to be:


· Interoperability considerations for all designs

· Design for proactive participation in NEC (e.g. bearing sensors for use by other network participants)


· Qualification for Systems of Systems

· Life cycle/legacy implications


· Solutions which contribute to all lines of development


2.2 Through-Life Capability Management (TLCM)


As with NEC, there are various national forms of TLCM, but broadly they are the same.   The UK definition is:


“..an approach to the acquisition and in-service management of military capability in which every aspect of new and existing military capability is planned and managed coherently across all Defence Lines of Development from cradle to grave” (Dstl, 2006).


TLCM is addressed through a systems approach in order to minimise cost, risk, and time over the entire life cycle of the systems that contribute to capability.  TLCM could be considered as the approach through which multiple systems’ life cycles are managed effectively over time.  This implies that it includes management both within life cycles and across several life cycles.  Capabilities must be designed to co-evolve with their environment (1) and this implies a new mindset within the  developer community that takes the long-term view of a product-systems service mix.  It also implies that the relationships between various parts of the defence supply chain must change to enable effective long-term management; specifically a strongly partnered supply chain must be established, in which principles of open systems and architectures apply.


The NEC-readiness themes (Figure 1) are now briefly considered from the TLCM perspective.  


Agility is the principal objective of NEC, and is an important feature of TLCM.  In particular, the systems approach implied by TLCM should ensure that the systems developed are flexible and adaptable, so that changes can be quickly (and inexpensively) made to develop capabilities rapidly in response to changing threats.  The other readiness themes contribute to this system development agility as do collaboration and knowledge management that should be effective within the supply chain.  The NECTISE research programme contributed significant results to these aspects (19,20).


Interoperability is fundamental to effective TLCM and can be regarded as a requirement or constraint on systems development.  In particular, approaches are needed that maximise the opportunity for interoperability with future (as yet not conceived) systems as well as with existing, or legacy, systems.  NCOIC (www.ncoic.org) (21) has provided in depth analysis of interoperability for NEC and the significant efforts within NATO to establish NNEC  rely heavily on achievement of high degrees of interoperability between national systems (22).  It is frequently forgotten that interoperability is, in fact, context dependent and the NCOIC Interoperability Framework (NIF() is helpful in showing the importance of supply chain interoperability, in which not just technical, but commercial and political considerations are important.


Affordability is essentially the motivation for TLCM (1); TLCM seeks to take the long-term view of affordability of military systems, but this provides many significant research and commercial challenges.  In NECTISE, we took the view that affordability does not just concern the customer perspective, but also needed to consider affordability to the supplier in terms of the TLCM trading environment.  It clearly represents a significant shift for defence suppliers from a product or maintenance role to being providers of a product-service support mix, which brings its own challenges (23).


Dependability features in very many considerations linked to cost and reliability, but an area of major concern for NEC and TLCM is that of qualification.  The qualification of monolithic(integrated, self-contained) systems is very often an expensive activity, but where safety or security must be established within a networked environment those costs are potentially hugely magnified.  Difficulties occur because collaborating systems may have been qualified at different times and to different standards.  Also the addition or upgrade of one system within the overall system of systems may require the whole system of systems to be re-qualified.  Actually, this is impossible, because of both cost and complexity, and so new approaches to qualification are required (24,25).

Availability is related to robustness and agility, because the availability of systems provides the commander with options and confidence in the deployable capabilities.  It is of particular interest for TLCM as (in the UK) availability contracting is a first step towards the overall TLCM ambitions.  Under the availability form of contracting, industry sells available services to the MoD by taking responsibility for the delivery of products (e.g. aeroplanes) and their long term maintenance (e.g. so many days flying time per annum), and disposal.


The paragraphs above highlight particular relationships and challenges associated with the NEC-readiness themes.  It is not our purpose, here, to go into more detail (see (26) for more in-depth analysis), but rather to show that these themes have relevance at all levels within the TLCM context from the planning, acquisition, service levels down to the operational context.  The use of scenarios, and demonstrations, for TLCM must therefore take account of all those levels and not be confined to the operational environment only.

3.0 demonstration scenario


To demonstrate the research outputs of the NECTISE programme (which were drawn from many disciplines and were at varying levels of maturity) a scenario was constructed from a set of vignettes that fitted inside each other like (non-identical) matrioshka (8,9).  The outer layer represented the overall capability planning context in which the decisions have a provenance of years.  The next layer was based on the development stage for a particular capability, in which choices are made concerning how to develop the capability to meet the needs derived at the planning level.  The timescales appropriate to this layer are months-years.  The next layer has timescales of weeks-months(-year) and concerns the delivery of systems according to the planning and development stages.  The last vignette is the instantiation of the capability change within a representative operational context; the timescales might be minutes-hours-days.  There must, of course, be consistency between the layers, but the benefit of this approach is that it can be tailored in a plug and play sense to demonstrate different capability developments (Figure 2).  The outer layers of the matrioshka provide context and should be largely invariant for each capability development to be tested, whereas the inner layers are specific to specific cases.
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Figure 2: capability development vignettes


Because the NECTISE research programme was large and diverse, there were many stakeholders for the demonstrations that were based around the scenario.  The main stakeholders were the multi-disciplinary academic team, the industry sponsor (BAE Systems) that included air, land, sea, and C4I business divisions, the UK MoD (civil service and military), and the wider industry and academic communities.  A vital aspect to the scenario development was detailed consultation with all these stakeholder groups.  


A significant difficulty faced by researchers in systems of systems is that they have incomplete information and control over the systems they are investigating.  Systems of systems are made up of individual systems that are owned and managed by different organisations (27).  By consulting the wider group of stakeholders, it is possible to create a context that has the correct content at appropriate levels of abstraction in which the research outputs (technologies, processes, etc.) can be demonstrated.  However, it is only possible to test the outputs within a relatively limited set of conditions and certainly not the full extent that might be expected in reality.  The scenario must, therefore, be sufficiently generic that it is applicable to a wide range of plausible situations.


The GUIDEx (28) scheme was tailored for use in constructing the scenario.  This provided an excellent documentation framework through which the wide range of stakeholder inputs could be fused.  In general, the GUIDEx is used for experimentation; demonstration can be considered as an experiment or the presentation of research outputs to stakeholders with little specific experimentation included.  Within the NECTISE programme both types of demonstration were performed on different occasions, but GUIDEx was found to be applicable to both.


3.1 Requirements management


The research in NECTISE was founded on a set of business requirements that were translated into research questions to make them appropriate to academic activity (8).  The scenario created for the demonstration was based on a subset of these requirements selected according to the scope and maturity of the research being demonstrated at that stage of the programme.  Figure 3 captures schematically the basic relationship of the requirements to the demonstration scenario.  The scenario has been described in detail elsewhere (9) but, in brief, it comprised a description of the UK capability planning context (vignette 4), and a selection from among options for improving surveillance capability that resulted in a decision to operate a UAV from a maritime platform (a destroyer) in vignette 3.  In the presentation of vignette 2 during the demonstration, the specific design and upgrade (delivery) was described and the work in support of it had focused particularly on qualification aspects.  Finally, in vignette 1 an operation to restore free and safe operation of international airspace that was being threatened by a hostile power was described.  This included many features associated with NEC; e.g. tasking of particular force elements through real-time selection of services and the operation of autonomous assets.


3.2 Systems Architecture


The NECTISE research included significant investigation of the use of architectures, in particular the Service Oriented Architecture (SOA) approach as means through which the NEC challenges and solutions could be described.  Architecting is the principal thread which wends its way through all four vignettes, beginning with a description of capability based on services and finishing with a means of planning and assessing the viability of particular systems configurations for a military operation (17,29,30).  There is currently a considerable effort internationally to create the appropriate tools and frameworks for effective systems of systems architecting (22,31).  The emerging architecture techniques will be of vital importance for the achievement of good TLCM and will underpin future development of the scenario generation technique described herein.  That is to say, that the scenario generation technique itself is a form of architecting that resembles the systems (of systems) architecture it depicts.  
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Figure 3: Relationship of requirements, work packages, and demonstration scenario


4.0 discussion


The matrioshka technique used to build a scenario from a set of vignettes proved very successful for demonstrating multi-disciplinary research outputs to a wide range of stakeholders.  It was a useful approach for understanding the integration of such outputs within a TLCM context, applied to the challenges of NEC.  In fact, given the importance of NEC one could speculate that in a few years time, the concept will simply be ‘business as usual’, i.e. appropriate levels of interoperability will be a routine requirement for all new systems.  TLCM is, of course, an ongoing endeavour and it is important that the implications of the long-term perspective are fully represented in the scenario planning activities that influence acquisition of military systems.  The research scenario was created to satisfy a number of business requirements and a set of implied requirements related to the currently emerging principles of TLCM.  This same technique could be applied for acquisition decisions in the future, allowing decision makers to understand the operational use of systems being purchased and better understand the long-term management of such systems.  The scenario implicitly includes a description of the commercial environment within which such systems will be managed and this, in turn, will allow decision makers to consider the cultural and commercial implications of TLCM.


Our experience in the NECTISE programme was that the scenario was a powerful enabler of integration among the research team and we speculate that the use of such a scenario could fulfil a similar role, if architected at a sufficient level of detail, for the multiple organisations involved in the delivery and maintenance of the systems that interoperate to provide the systems of systems from which military capability is derived.


The NEC-readiness themes were important for relating different research strands and for understanding the priorities that must be managed through life.


5.0 conclusion


Based on our experience of demonstrating the outputs of applied research relevant to NEC through the NECTISE  scenario, we recommend the use of matrioshka scenarios as a means of communicating the requirements of NEC and TLCM within the wide stakeholder group that develops and uses military systems.  Correctly architected, such scenarios can also be used to test capability options and support decision makers in the defence acquisition environment.
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Abstract


The development of Operational Requirements (OR) for military platforms is a complex and tedious task, for which many aspects need to be addressed (integral) and for which few tools are available. This task is usually performed by temporary placed military personnel trying their best to deliver a list of relevant OR. The RNLA has a need for a methodical approach and associated tools, providing a means to enhance the quality but also the re-use of OR. Key is an integral approach not only aimed at the functionality of the platform but also at the crew and many other relevant and interacting viewpoints. 


The paper gives a description of the process to arrive at a set of operational requirements and a description of the tools that may be used to support the process. A distinction is made between new OR for systems and mid-life upgrades and mission dependent add-ons. Fictitious examples are given in the description and explanation. 


1.0
Background


The research project ‘Integral Analysis of Platform Performance’ (IAPP) aims at the analysis of platform performance from an integral point of view. In the project a method has been derived to answer questions related to the performance of RNLA platforms (land, sea or air). Until recently detailed performance analysis was done on different disciplines in separate lanes. The influence and effect of disciplines on each other was not taken into account which sometimes led to unwanted results. A systems  engineering approach has been chosen to include different disciplines and to consider a platform from many different viewpoints. To address performance analysis in an integral way as many aspects as are necessary need to be considered, given the question at hand. 


The IAPP method is based on a four level approach. The levels vary in detail and differ in integrality. Two levels are based on the use of expert knowledge and two levels are based on the use of modelling, simulation and experimentation. 


The IAPP method has been tried out in a case study. The case comprised a fictitious platform which needed to be compared to some alternative existing platforms. To be able to compare the systems, a set of characteristics and operational requirements were defined for the fictitious platform. During this process several tools were created and used. The case has been shown to RNLA staff, resulting in formalisation of the used method and tools and start of a software implementation. Software tools are currently under development. 


The tools comprise a set of libraries containing many aspects denoting different viewpoints. Each aspect system is a hierarchical subdivision (tree) of a specific main aspect build from a certain view on the system. A system function tree is one of the important aspect systems. Other main aspect systems include environmental aspects, target types, platform types and threat types. 


2.0 Development of operational requirements


Operational requirements describe what the RNLA expects of a platform. They describe what a platform should be able to do, to perform. The process to come to operational requirements is complex. Many aspects need to be addressed during different phases. Each phase building upon the previous one, detailing requirements and solutions. We address the phase where the type of platform has already been decided and further operational requirements need to be written. The method to support the development of operational requirements helps to address the many aspects in a methodical way, providing access to an extensive list of aspects. 


Figure 2 shows an IDEF0 process schema of the method. Figure 1 gives an explanation of the elements in the IDEF0 schema. 


[image: image1.emf]A0


transformation


process input


resources


output


constraints




Figure 1: Explanation of IDEF0 process. 


The process starts with the formulation of the needed defence capacity. The military need (the capability gap) is the input and platform type restricts the type of capacity. In the process the tasks and environment are also formulated. They act as constraints on the subsequent process steps. With the ‘defence capacity’ a selection is made of the aspects that are relevant for the capacity. The selected aspects, the defence capacity and tasks & environment restrictions are used to generate a system tree. The system tree nodes are then visited and attributes are collected, followed by entering normative values for the system node attributes. Finally the results are stored as Operational Requirements. 
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Figure 2: IDEF0 process schema of the support method.


2.1 Describe required defence capacity


The first step is to determine what defence capacity is required. Defence capacity is aimed at carrying out defence tasks. 


A defence capacity can be described as follows:


the platform should be able to do XYZ / deliver KLM effects, in compliance with constraints ABC


Aspects support the formulation of XYZ, KLM, ABC and norms with respect to XYZ, KLM and ABC. Aspect checklists enable selection of relevant aspects. Some aspects are strongly related to the primary functions of the RNLA. Other aspects are related to secondary functions and usage, and some aspects act as constraints which the platform has to comply with. 


The defence capacity determines what tasks need to be carried out, in what environments and what effects are to be addressed. There are no predefined capacities in the libraries. 


Defence capacity should be formulated in terms of functional aspects. Anti-tank capacity can be formulated in terms of targets, i.e. tanks, environment, e.g. range, cultivation, e.g. urban, climates, e.g. arctic, geographic locations, etc. which pose additional constraints with respect to the formulation of OR. 


2.2 Describe what tasks need to be carried out


One step is to describe what tasks are to be carried out by the system. Tasks describe what a system is used for. Tasks may be described in many ways, and address different levels of detail. 


Military tasks are classified in a limited number of classes, each with their specifics. Task descriptions need to be on platform level, and platforms need to be able to carry out the tasks. There is no advantage in describing them on other levels. The majority of tasks can be done as a combination of the following system (platform) tasks:


· manoeuvre;


· protect;


· observe;


· communicate;


· bring out effect. 


2.3 Determine what environments will be addressed


Several aspects are addressed in the environmental aspects. They comprise climate, geographic location, area cultivation (green field, urban, woods, planar …), weather and last but not least target types. 


Environmental aspects introduce variations in variables which influence system performance. For climatic and geographic environments associated physical parameters such as humidity, temperature, atmospheric pressure influence physical performance of components of the system. And operations in urban environments pose restrictions, for example, on barrel length and elevation possibilities. 


Humidity and atmospheric pressure for instance influence engine power / engine performance. The lower the pressure, the less power is generated and the less the engine performs. In high countries with low atmospheric pressure system performance reduces because of the reduction in engine power. Environmental aspects assist the OR developer to think about these influences. 


The other environmental aspect addresses expected target systems. Different targets have different characteristics requiring different degrees of loads and damage mechanisms. They react differently to similar degrees of load and the results of attack generate different effects on e.g. insurgents and own people. A distinction is therefore made between infrastructural targets, personnel targets and equipment targets. To injure personnel targets an anti-tank weapon is clearly overkill. A capacity to eliminate a tank however needs a similar capacity as an anti-tank system. A similar reasoning can be set up for infrastructural targets. 


2.4 Determine what aspects and aspect systems will be addressed


The aspect library assists in signifying relevant aspects. The aspect library contains collected aspect systems and characteristics which describe each aspect, characterise it and value it. Aspect systems, individual aspects and sub aspects may be selected. The OR developer is encouraged to think about shown characteristics and decide on possible values. 


The aspect systems comprise a range of viewpoints. Viewpoints concerning functionality, but also viewpoints concerning political impact of a system. The life-cycle of a system is taken into account and other logistics aspects. 


2.5 Generate system trees


A system is a set of elements and the relations between those elements, and is determined by a viewpoint. A generic system tree is based on a functional viewpoint and contains functional components and subsystems. Each system node can be considered a component (no further breakdown needed or possible) or a subsystem fulfilling a specific function. A system node contains characteristics which describe the component. The characteristics are used for registration of operational requirements. The generic system tree contains many functional subsystems and components which may fulfill a range of functions. Some examples are:

· mobility system

The mobility system contains all components and subsystems responsible for moving the platform. A land platform e.g. contains the propulsion system with engine, propulsion, suspension, tracks or wheel. For a sea platform it does not contain suspension, tracks or wheels, but includes screw and screw axes. 


· firepower system


The firepower system contains weapon systems belonging to a platform. For instance the main gun of a main battle tank, the coaxial gun for close combat and the weapon systems in use by personnel inside and outside the platform. Target acquisition systems also play a role in the protection system. 


· protection system


The protection system can work passively, actively and re-actively. Also systems that reduce a platform signature are counted to the protection system. 
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Figure 3: Example of parts of the generic system tree.


· communication system


The communication system contains all components that enable communication with higher and lower echelons and the system internal communications. 


· transport system


The transport system contains platform elements which are related to transporting people and goods. For instance loading space for transport of munition, personnel space for transport of military personnel, supportive means such as ramps, winches and tow cables to transport other platforms. 


Note:  The selected elements themselves are part of the operational requirements. 


The selected task and environmental aspects act as a filter on the generic system tree. The relevance of a specific system for the selected environments and tasks determine whether a system is used in the generated system tree. A sea platform does not need wheels or tracks, but screws. And the generated system is an aid to the OR developper as well. It provides a check list of components on what requirements need to be posed. 


To generate a system tree the libraries are searched to detect subsystems and components which are suited to perform the selected tasks. With the selected systems each node provides a set of related characteristics, with which the various node functions and components can be further specified and with which the OR developer is able to indicate the detailed requirements. 


As an example consider the following situation. One of the systems needed for an observation task is a sensor system. If required target systems include personnel, and the relative distance is short, there is no need for a long-range sensor system. Therefore the generated system tree will not include such system. 


2.6 Enter what attributes need to be addressed


System tree nodes contain sample characteristics. The set of characteristics is used to fully specify the subsystem/component. Only relevant characteristics are used in a specific situation. 


For selected characteristics normative values are entered. Filling in attribute values further registrates requirements. Attribute and attribute values are the performance parameters of the system under consideration. 


		characteristic

		dimension



		range

		[m], [m]



		minimal target size – distance profile

		[m] x [m]



		frequency range 

		[Hz] – [Hz]



		zoom range

		[m] – [m] 



		angle of sight

		[rad]



		user friendliness

		# buttons;
# acts;



		sight conditions

		light, dark, smoke, etc. 



		sensitivity to surroundings

		interference



		sensitivity to terrain

		



		sensitivity to weather

		e.g. min. 80% of nominal performance in rainy conditions; 
min. 50% of nominal performance in snowy conditions;



		sensitivity to climate

		



		detectability

		



		sensitivity to pressure (height, depth)

		[kPa] – [kPa]



		supportability

		# parts;
mean repair time;
complexity of repair, e.g. number of components to handle;



		load to surroundings

		dangerous goods; toxics





Table 1
Example characteristics of observation systems.


2.7 On mission dependent add-ons and mid-life upgrades


Mission dependent add-ons and mid-life upgrades assume an existing platform. New and changed requirements need to consider the existing platform. Fulfilling the requirements is constrained by the characteristics of the existing system. 


Mid-life upgrades have a permanent character and are aimed at foreseen future use of the vehicle. Usually higher reguirements are requested. When a weight margin was introduced during the design of the original vehicle, it might be consumed by the mid-life upgrade. However in practice careful balancing will be required to fulfill the requirements within the weight ‘budget’. When a vehicle has been designed with future enhancements in mind, options might be available to increase the weight margin, most likely challenging the financial ‘budget’.


Mission dependent add-ons are temporary adaptations that are expected to give more options to fulfill the current requirements. For instance, additional protection against anti-tank weapons, which increases the weight, can be applied at the cost of a weight reduction in some other area, always considering operational context. 


An important aspect system in this context is the ‘balancing factors’ aspect system. It includes aspects that act as constraints within a platform, such as weight and cost. The aspects mentioned usually are restricted by a certain budget, e.g. maximum weight. Adding weight then to a subsystem needs to be compensated by reducing weight in another subsystem. Balancing between requirements and solutions will always be a compromise. The OR development support tool is helpful in that it contains a set of balancing aspects which are included in the OR development process. 


3.0 software: OR DEVELOPMENT support tools


3.1 Development of operational requirements
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Figure 4: System overview of support tool. 


To support the process a software tool is currently under construction. The tool contains libraries with predefined, generic systems, tasks, aspects, environments and system characteristics. Figure 4 shows the systems architecture for the support software. Part 1 takes care of interaction with the user. Part 2 is the data store where input, selections and resulting information is stored. Part 3 comprises the tools which support the process, such as selector for aspects, generator for system tree and editors for adaptation of characteristics and the actual Operational Requirements. Interaction of the tools with the libraries takes place in part 4 and part 5 contains the libraries. Some screen shots of examples have been added: 




Figure 5: Screenshots examples of support tool. 


3.2 Balancing operational requirements


A system analysis tool (figure 6) is being developed to investigate the consequences of changed requirements to existing vehicles. Requirements changes are restricted to the application of new technologies. The consequence of selecting a particular solution is determined in an integral way, showing the effects on e.g. mobility, lethality and survivability. Balancing aspects weight, action range and available space are used to integrally optimise a vehicle. 


[image: image5.png]VESPA - Platform Configurator (1.2.0.7) =TS
B platfom

et gt
i — T B

Dinensos | i  Load | Engine | ibiy | Weapon| AEP 55| CE prtection| Fitecton| DA | Reactve A |

-Bod Ture
Length ] Width ] Length ]
3 3 22
Height ] Ground clearance [m] | | Widh [m]
2 04 2
Angl font high ['] Angl fiont low '] Height ]
50 3

7
[ N Angle fiont ']

E







Figure 6: Interface of the system analysis tool. 


4.0 conclusion and future work


A method has been introduced to support an integral approach to the development of Operational Requirements. An integral approach means that OR are introduced for many aspects, sometimes resulting in conflicting requirements. For instance requirements on low infrared signature in arctic environments might conflict with the need for sufficient heating and ventilation for the platform crew. Conflicting requirements usually introduce extra work and anomalies in design. And platform size restrictions might conflict with necessary space for personnel. 


The method is currently under evaluation. Although we expect to increase the quality of future OR because of the integral approach further investigations and testing of the method and the tools are necessary. These topics may be reported in future publications.


For the description of military platforms a lot of restrictions are being posed upon. A long list of STANAGS and other standardisations are used during the specification of a platform. A future development is to enable on-line querying of these standards, rules and regulations. A subsequent step is the evaluation of requirements against the standards. 


A future application of the system analysis tool is to investigate future vehicle improvements. Conflicting situations can be uncovered and using sensitivity analysis requirements for development can be determined. A strong interaction with the armed forces is needed to account for foreseen or desired changes in missions and consequential changes in requirements.
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Abstract 


During the various phases of the Defence acquisition process, and in the early design phases, many decisions must be made concerning the performance, crew configuration and cost of new equipment, e.g. new naval platforms. In practice many of these decisions are made either based on a limited view on their impact or based on subjective information. Moreover, previous studies have shown that the impact of the decisions taken in the early design phases is large; they generally determine as much as 80% of the total life cycle costs. This highlights the importance of decision making support in these areas.


In case of the acquisition of new equipment, the various alternatives must be assessed on performance and costs, and the constitution of the crew needed for operating the equipment has to be determined. In case of the design of new platforms also the design issues have to be addressed. This assessment can be done at various levels of detail: performance of the platform during its lifetime in various missions, but also the composition and performance of the crew during specific tasks. 


TNO has developed two methodologies to support the acquisition and design process of new equipment and the assessment of manning concepts: the manning concept framework and the Simulation Based Performance Assessment (SBPA) methodology.

Together these methodologies constitute a toolbox to support the process of designing a new platform or upgrading an existing platform on both the technical and the human components.

1
Introduction

The operational environment of the Dutch Ministry of Defence (NL MoD) is very dynamic and complex. The nature of the missions changes, advanced technology plays a large role and the number of people with which the missions can be carried out, decreases. The NL MoD strives for an optimal balance between operational effectiveness and life cycle costs of its materiel. Because of the sea platform requirements of the Royal Netherlands Navy (RNLN), the RNLN fulfils the role of smart designer and smart integrator during the acquisition process. The RNLN acts as smart designer of its platforms and as smart integrator of the Sensor, Weapon and Command (SEWACO) systems. The Royal Netherlands Air Force and Royal Netherlands Army usually act as smart buyer.  

The NL MoD uses various techniques to support various forms of design and re-design processes. For instance during the acquisition process (‘Defensie Materieel Proces’, DMP), during the maintenance and modernization programmes, and during the implementation of modifications and for doctrine-related questions, The use of these techniques is currently somewhat fragmented and is primarily aimed at the operational assessment of specific subsystems.

In order to support better decision making during the various forms of design and re-design processes, the Netherlands Organisation for Applied Scientific Research TNO has developed both the manning concept framework and the Simulation Based Performance Assessment (SBPA) methodology that can support an integral and systematic approach on both technical and manning aspects at various design levels.

At platform level the SBPA methodology enables the determination of the overall performance of a platform. It considers the operational effectiveness, survivability, sustainability, and life cycle costs. These aspects are compared in a transparent and unbiased manner. In this way, the SBPA methodology enables to perform trade-offs between different design alternatives and thus allows well-informed acquisition decision-making. An integrated performance assessment is supported by simulation models, since they enable the evaluation of the system as a whole beforehand and reduce the risks and costs of real-life experimentation.


Manning plays an important role in the performance of a platform and the design choice of manning concept will have a large influence on the (operational) effectiveness of the platform and its associated development and life cycle costs. Therefore, the design and acquisition process of a platform requires an integrated approach in which the manning concept should be aligned with the technical possibilities to meet the overall functional and performance requirements which are set in the initial design phase. Furthermore, design alternatives should be considered in light of the pay-off between effectiveness and associated development and life cycle costs. The manning concept framework is an integrated and systematic approach that utilizes the design of manning concepts and supports the decision making process when considering design alternatives at the various design level, including the relationship between ship design and manning concepts.

This paper presents the manning concept framework and the SBPA methodology and shows how these are related and how they can concurrently be used in a design process.


The remainder of this paper is organised as follows. Sections 2 and 3 introduce the manning concept framework and the SBPA methodology. Section 4 describes how they are related. Finally, we present our conclusions.


2
Manning concept Framework

This section describes the manning concept framework shown in Figure 1. A more extensive description can be found in Reference [8]. The framework consists of four interconnected design levels:


· strategic ambition;

· functional demands;

· conceptual design;

· detailed design.
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Figure 1: The manning concept framework.


Each level views the platform at a different level of aggregation. It means for instance that on the functional demands level considerations are made regarding the deployment of a platform and that at the detailed design level job designs of a single crew member are established as well as the operations room lay-out. Factors within one level a strongly interconnected, e.g. at conceptual design level the choice of an organisational structure influences the tasks and work processes. Breaking the design process down into four design levels is one design principle that has been applied.

The second design principle is that the levels are interconnected. It means that the choices made on one level constrain the design choices on subsequent levels. Constraints have to be relaxed on a higher level when they can not be matched within the associated development and life cycle costs boundaries on subsequent levels. It could mean that initial ambition levels and task execution concepts have to be reconsidered because they are not realistic in terms of crew size and costs.


The third principle applied, is that at each level design alternatives can be compared in terms of their effectiveness and associated development and life cycle costs. Because the design levels vary concerning their level of aggregation also the cost and effectiveness indications vary in precision. At a high aggregation level only relative changes can be indicated, where on the detailed design level more detailed and absolute indications can be provided.


It is important to note that the manning concept framework does not generate design solutions, but it is supportive to the design process carried out by humans and improves their decision-making. It is supportive because it provides an integrated overview of the design process, it shows the interconnection between various design choices at various levels, and it allows that the rationales behind design choices are made explicit and well documented.


It improves decision-making because the frame work allows pay-off consideration between investment and development costs on the one hand and life cycle costs on the other hand. Furthermore, by applying the framework the feasibility of what is wanted (ambition and functionality) at what price (manning and technology) can be established during the design process instead of only finding out in the operational phase of a platform. The framework helps to decrease the possibility of operational and financial setbacks.

2.1
Strategic ambition


The acquisition of a new platform starts with the strategic ambition. The strategic ambition is usually based on political decisions regarding the deployment of the armed forces and their main assets. These political decisions give direction to the design process and provide the preconditions that the design must meet. The strategic ambition includes aspects such as:


· Level of violence in which the platform has to operate.

· Task performance: does the platform have to carry out its main tasks simultaneously or one main task at a time? Can external support be called upon?


· Endurance ambition: how long should the platform be able to operate without external support and supply?


· Technology level: is advanced technology requested or is a ‘simple’ platform good enough.


· Reliability, Availability, Maintainability (RAM): Is a high level of RAM required or not?


· Training: can be ashore or on board, whether or not supported by coaching.


· Is the crew size constrained or not?

The other three levels are the “real” design levels. In general we can characterise the levels by the focus of the design:


· Functional: functioning of the platform itself


· Conceptual: functioning of manning teams


· Detail: functioning of a single crew member


2.2
Functional demands

The functional demands describe the functions the platform as a whole should be able to execute. They describe the missions and tasks that the platform has to carry out, e.g. coast guard, maritime interdiction, Anti Submarine Warfare. The scenarios in which the platform is expected to operate and to carry out these missions are also part of the functional demands level. For each of the tasks, Measures of Effectiveness (MOEs) are defined that can be used to evaluate the design. Minimum requirements to these MOEs (the functional demands) can lead to limiting conditions for the conceptual and detailed design levels. The evaluation at this level is most closely related to the SBPA methodology, which will be described in Section 3.


2.3
Conceptual design


At the conceptual design level, the functional demands are translated to working methods: the main structure of the work organisation including specific working processes. Because the conceptual design level is right between ambition and functional demands on one side and (practical) detailed design solutions on the other side, it can be seen as the most creative process in which innovative solutions can be sought. Aspects of the manning concepts that occur at this level are the organisation structure, procedures, team tasks and processes, allocation of tasks to crew members, the technical environment and architectures. Examples of a conceptual design are an integrated command bridge, modular teams etc. The choices that will be made at the conceptual design level are the limiting conditions for the detailed design.


2.4
Detailed design


In the detailed design phase choices made at the higher levels are tested on feasibility and desirability by assigning people and resources. Organisation structures, working procedures and tasks as described at the conceptual design level are further elaborated. For instance: cooperation between individuals is assessed, tasks are assigned to individuals, and the working environment is evaluated.


Conceptual design and detailed design are worked out in an iterative way until a feasible and acceptable manning and technology plan is obtained. 


2.5
Linking functional demands and conceptual design

The tasks of the platform at the functional demand level are connected with the manning concept aspects at the conceptual design level. However, a direct connection is difficult to obtain. Therefore seven clusters have been identified. These clusters each have influence on the platform tasks at the functional demand level. On the other hand, the clusters can be more easily identified and linked to conceptual designs, e.g. because a cluster corresponds to one or more teams. The identified clusters are:


· Command and Control (C2);

· Intelligence, Surveillance and Reconnaissance (ISR);

· Manoeuvre;

· Logistics & Sustainability;


· Weapon Deployment;

· Force Protection;

· System management & Damage Control.

Table 1 gives an example of possible relationship between tasks and the functional demand level and the identified clusters. In this table, the symbols indicates the strength of the relationship between the cluster in the corresponding column and the task in the row, where + and ++ mean a strong relationship, = an average relationship (it has influence, but not decisive on the performance of a task), and - and -- indicate that there is only a weak relationship or no relation at all.

Table 1: Example of the relationship between tasks and clusters


		

		C2

		ISR

		Manoeuvre

		Logistics

		Weapon deployment

		Force protection

		System management



		Detection

		=

		++

		=

		-

		-

		--

		-



		Interception

		=

		=

		++

		-

		=

		--

		-



		Boarding

		=

		-

		+

		-

		=

		+

		-



		Sustainability

		--

		--

		--

		++

		--

		=

		++



		Survivability

		=

		=

		=

		--

		+

		++

		+





2.6
Evaluating costs and effectiveness


Manning concepts are evaluated on effectiveness and costs. Especially at a conceptual and detailed design level, quantifying effectiveness is difficult. Therefore, a qualitative evaluation is usually carried out. During this evaluation, concepts are compared to each other and for all aspects at a level, it is indicated if a design performs (much) better or worse than the base case design. This is illustrated by a colour coding analogous to the system of a traffic light. An example of such an evaluation can be found in Figure 2. Green means a positive effect, orange and red a (strong) negative effect. In white is indicated that there is no difference, a grey shadings means that the effect is unknown and further investigation is required.
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Figure 2: Qualitative evaluation at conceptual design level.


2.7
Role plan


If a manning concept is feasible and cost effective at all design levels, this leads to a so called ‘role plan’, which describes how the ambition level will be met, which missions and tasks will be carried out, which organisation structures and working process will be used, which people are carrying out the tasks and what technological support is available. For all choices, effectiveness and costs are given. 

2.8
Using the framework

As indicated already, the frame work can be used for various design and evaluation processes ranging from new platform design to the redesign within platform modernisation programmes and evaluating existing platforms.


A typical way to go through the model for new platform design is the top-down approach. Starting with the strategic ambition, the functional demands are derived. Based on these functional demands, the conceptual design phase starts by creating and evaluating conceptual designs and deciding which conceptual design is the most cost effective. Based on the best conceptual design, the detailed design is developed. This approach is suitable for research questions with an open and innovative character when new concepts are not limited by details and budget. The approach is illustrated in the left flowchart of Figure 3.
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Figure 3: Top-down approach (left) and iterative approach (right).


However in practice an unlimited design process is less realistic. Strategic ambitions may cause limitations at various levels and limits on crew size and the budget for technology development cause limitations on the possible solutions. This indicates that a design process is an iterative process by nature, which means that the various phases have to be run through iteratively as well. The strategic ambition of the RNLN with respect to the platform is usually fixed when the design process starts. Starting with the design process itself is possible at the functional demands level, but also at the conceptual design phase. The strategic ambition (e.g. constrained crew size or high technology level) might induce the need for new manning concepts. In this situation, the conceptual design phase is the starting point of the design process (see the right side of Figure 3). 


The concepts developed at the conceptual design level are not only evaluated on costs and effectiveness at this level, but also on the implications on functional demands level (i.e. can the functional demands still be met?). A conceptual design leads to the consideration of suitable detailed designs. Infeasibilities at one of the level lead to an adjustment of the original design and the phases have to be run through again. The detailed design phase will usually not be the final step. 


In this way, the phases are run through in an iterative way until a design has been found which matches the constraints and strategic and functional ambitions.

3
Simulation Based Performance Assessment (SBPA) methodology

This section introduces the SBPA methodology and shows its relation to other approaches.


The SBPA methodology allows a transparent, unbiased and integral performance assessment of (future) platforms. It defines an evaluation methodology to assess the overall performance of a platform to support the acquisition process. It is based on Multi Criteria Analysis (MCA) and simulation techniques.


The US DoD has developed the Cost and Operational Effectiveness Analysis (COEA) approach [1]. The goal of COEA is to perform a cost-benefit analysis to support acquisition decisions. Important aspects of the COEA approach are the problem definition, determining alternative system concepts, defining system requirements and MOEs, defining scenarios, data collection and model selection, and estimating costs and operational effectiveness of the possible system concepts.


Based on the COEA, the Integrated Cost and Operational Effectiveness Approach (ICEA) was developed, in the NATO Future Reduced Cost Combatant study [2]. The ICEA analyses design alternatives in the early design stage using operational effectiveness and life cycle cost. It defines scenarios and missions, and it develops a mission task tree. The operational effectiveness is calculated using the Operational Value Model (OVM) [3]. The survivability and sustainability are calculated separately. ICEA combines the operational effectiveness and the survivability and sustainability into an overall Figure of Merit (FOM) for the platform using the MCA Analytic Hierarchy Process [4].


Both OVM and ICEA use an aggregation method to combine the different MOEs into operational effectiveness and an overall performance of the platform. These aggregation methods are common to Multi Criteria Analysis (MCA) [5]. MCA is a scientific evaluation method for making rational choices between several discrete alternatives. It evaluates and compares the alternatives to obtain an aggregated assessment which results in a ranking of the alternatives. Typical for most MCA processes are preparing an evaluation structure (model) and dealing with the subjective preferences of one or more stakeholders involved and the processing of information from diverse and diffuse nature and origin (conflicting, quantitative and qualitative, inexact and uncertain, et cetera). 


The SBPA methodology leverages these approaches and uses the following elements in particular to establish a structured process:


· the COEA approach


· mission-task analysis (ICEA and OVM)


· simulation models with different levels of aggregation and fidelity


· MCA techniques for weighing and comparing the different components


The SBPA methodology consists of five phases each consisting of several steps, see also Figure 4. We will now give a short overview of the five phases. A detailed description of the step by step plan can be found in [6].
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Figure 4: SBPA methodology step by step plan.


3.1
Phase 1: Definition phase


In this phase the operating conditions of the platform are defined: the expected missions and tasks that will be carried out by the platform under consideration as well as the expected scenarios in which the platform operates are described. Since exercises are an important part of the usage of a platform, they should be taken into account to properly determine sustainability and cost.

During the definition phase a structured description of the assumptions made and expected scenarios is produced. 


3.2
Phase 2: Product effectiveness


In the second phase the evaluation framework is developed. An important part of the evaluation framework consists of determining the overall effectiveness of the platform, the so-called product effectiveness. Product effectiveness consists of three parts: operational effectiveness, survivability and sustainability. These are defined as:


· Operational effectiveness: The ability to perform military, diplomatic, police and humanitarian missions and tasks.

· Survivability: The ability to sail and fight after suffering an attack and the accumulation of battle damage.


· Sustainability: The ability to ensure the availability of propulsion, manoeuvrability, weapon, sensor and support systems to keep the platform operational.

For each of these parts, the criteria that are to be evaluated are placed in an MCA tree. An MCA tree contains both the criteria on which a design will be assessed and the relationships between these criteria. For the operational effectiveness, this tree is usually called a mission task tree, because this tree describes the relations between scenarios, missions and tasks and their relative importance, given by weights that are determined in general by expert opinion. For sustainability, criteria such as reliability, maintainability, required personnel and spare parts are commonly used.


For each criterion, one or more Measures of Effectiveness (MOEs) are formulated to evaluate the performance of the platform on this criterion. Also, it is determined how the MOEs are translated to a common scale, by using utility functions. In this way, MOEs can be meaningfully combined.


This evaluation framework is setup in advance, in order to avoid bias in the evaluation process. This framework enables a smooth evaluation process for the various design variants. Because all evaluation aspects are now described, new design variants can be added later on, following the same procedure. Moreover, it enables a fair comparison of alternatives.


A part of the setup of the evaluation framework is the decision how the product effectiveness of a design is determined, i.e. using expert opinion, simulation or analytical models. Simulation models are an invaluable tool. However, careful consideration is needed regarding the choice of input parameters and variations in the simulation input to ensure that the simulation results are representative for the real effectiveness of the platform.


3.3
Phase 3: Life Cycle Costs


The third phase defines how the Life Cycle Costs (LCC) are determined [7]. The LCC of a new platform can be divided into 6 main categories:


· Design


· Development


· Production


· Operating


· Support


· Disposal


Each category consists of a number of subcategories for which the costs can be determined in various ways and with various levels of detail.


The three cost estimation methods that are used mostly are ‘analogy’, ‘parametric’ and ‘engineering’. All these methods can be used in the SBPA methodology.

The analogy method compares a new system (design) with one or more existing systems and does not only take into account technical differences, but also differences in use and/or maintenance concepts.


The parametric method estimates the cost based on various measurable properties of the system. It is based on the existence of a causal relationship between system cost and system properties.


Unlike the parametric method, in the engineering method the formulas are based on the detailed consideration of the system and its use, and the relations between them. This method requires detailed design information.


3.4
Phase 4: Evaluation of each alternative


The first three phases have defined the evaluation framework that will be used in this phase to assess the performance and life cycle cost for each of the alternatives. In this way the alternatives can each be assessed in an identical manner.


This phase determines the actual performance for each of the alternatives. Using the results of Phase 2, it calculates values for each of the defined MOEs, and it aggregates these MOE values into Figures of Merit (FOMs) for each of the three product effectiveness parts. This may involve simulation as well as using expert opinions. And, using the results of phase 3, it performs the calculation of the LCC.


3.5
Phase 5: Analysis of results and comparison of alternatives


In the final phase the results are analysed, the alternatives are compared on product effectiveness and costs and a sensitivity analysis is carried out to determine the robustness of the results.

3.6
Use of the SBPA methodology


When using the SBPA methodology, it is important to pay thorough attention to each of the steps. Putting down in writing the steps followed and choices made, as well as the model input, is essential for a proper evaluation and comparison of design.


Although it may be difficult, it is important to describe the operational context of the platform adequately. This includes for example, the life cycle, characteristics of the areas of operation and of the behaviour (tactics, level of aggression) of opponents and own platforms. Care must be taken that the assumptions that are made have a broad coverage and are plausible at the same time.


As applying the SBPA methodology is quite time consuming, it is recommended to determine timely the required level of detail. For example, if the contribution of one task to the overall FOM is very low, because of the low weights for this task and the missions it belongs to, it should be considered to address this task in less detail, i.e. with less effort. 

The ‘definition phase’ specifies the input for generating MOEs for the different tasks. However extra assumptions have to be made when setting up and executing the simulations, for example, many additional assumptions are made regarding environmental conditions and system parameters. These assumptions must be recorded and consistency among them must be assured.

The sensitivity and uncertainty analysis during the comparison of alternatives is a very important part of the methodology. It provides insight in the robustness of the performance assessment.


The SBPA methodology can be used in an iterative way to find better platform designs. Starting with a limited number of designs, the evaluation can be used to generate improved designs. These hopefully improved designs can be evaluated by going through Step 4 and 5 of the methodology again. Note that the first three steps are describing how the evaluation should be carried out. In this iterative way, improved designs can be found.

4
Interaction between manning concept framework and SBPA methodology

The design of a new ship comprises both the ship structure and characteristics and the manning on board the ship. Choices made regarding the required capabilities of the new platform, the platform design and the manning concept interact with each other. 

The manning concept framework is primarily meant for – as the name indicates – the development and evaluation of manning concepts. However, the structure with various levels of detail is also valid for the technical design of a new platform. Strategic ambitions form the starting points of every design process. The SBPA methodology focuses on the evaluation of the operational performance and life cycle costs at platform level, i.e. the functional demands level. Examples of design decision at this level are the maximum speed of the platform, the availability of a helicopter, the signature and sensor and weapon systems. At conceptual design level the design aspects are focussed on parts of the ship and ways to obtain the specifications of the functional demands. An example is the concept of signature reduction measures that result in the signature given at functional demands level. 

Technical aspects should be closely related and should even be part of  the manning concepts when for instance automation, technical support and centralisation enables different ways of task executions and crew configurations. Hence, new manning concepts must come together with technological developments and innovations. As shown in Section 2, the manning concept framework takes technical aspects into account. The starting point of the manning concept framework, however, is a human centred and conceptual driven design process. Of course, redesign may well start with a technology push. But in cases like that, the human dimension of the system should be re-designed and adjusted accordingly. This shows that manning concepts, technological developments and ship design are closely related. The operational performance is a combination of technological innovations, i.e. the platform design, at the implemented manning concept. Figure 5 shows the relationships in the ship design process.

For the evaluation of the manning concept framework at functional demands level the SBPA methodology is an excellent tool. At conceptual and detailed design level, evaluation often occurs in a qualitative way by comparing alternatives and indicating if an alternative performs (much) better or worse. Simulation models to obtain quantitative measure are hardly available. 


As mentioned before, the design process of a new platform is an iterative process. This does not only hold for the construction of a manning concept, but also for the design of the platform itself. Platform design and manning concept development interact with each other. New technical systems might change the working process and the number of crew members required for a certain task. The size of the ship and the facilities on board must be enough to accommodate the required manning. 
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Figure 5: Place of the methodologies in the ship design process.


5
Conclusions


In this paper we have presented the manning concept framework and the SBPA methodology developed by TNO. The combination of methodology and framework assist the design process in evaluating design concepts during the acquisition process and for upgrades of existing platforms at various design levels. Many aspects that are relevant for the assessment of new concepts are taken into account: operational effectiveness, survivability, sustainability, life cycle costs and the performance and the well-being of the crew members.


Although both methodology and framework have clear added value, they do not provide an easy recipe that can be followed blindly. The construction of new platform designs and manning concepts remains both a creative and decision-making process that is supported by methodology and framework. They do not replace the creative process and do not deliver ready-made designs. 

The manning concept framework provides an extensive overview of components that are relevant during the design or evaluation process, mainly on manning concepts. The framework forces the designer to consider choices and their consequences in such a way that infeasible or expensive solutions and unexpected possibilities should become clear at an early stage of the process. 

The SBPA methodology is a suitable methodology for executing performance assessment of new platforms and systems as well as during maintenance and upgrade programs. Based on our experiences we believe that the use of the SBPA methodology leads to better choices and improves the transparency during the acquisition process.


Both methodology and framework help to found and defend choices and decisions in the evaluation process by providing a structure that forces the designer to consider all relevant aspects. They serve as a tool to secure available knowledge. Furthermore they provide insight in (operational and financial) consequences of design choices. 


The combination of the manning concept framework and the SBPA methodology provides a powerful tool to support the designer of new platforms during the evaluation of new designs, both technically and manning based, on performance and costs. 

References


[1] M.W. Garrambone (1994). An overview of Cost and Operational Effectiveness Analysis (COEA), Proceedings of the IEEE 1994 National Aerospace and Electronics Conference, volume 2, pp1188-1194.


[2] E.W.H. Keizer (1998), Future Reduced Cost Combatant Study, NATO report, 24 September 1998, NATO Restricted.


[3] M.H.M. Delmee (1998), The Operational Value Model (OVM): a generic method to assess the operational value of a Future Reduced Cost Combatant (FRCC), TNO-report FEL-97-A352, NATO Confidential.


[4] T. L. Saaty (1990). How to make a decision: The Analytic Hierarchy Process, European Journal of Operational Research, volume 48, pp 9-26.


[5] V. Belton, T.J. Stewart, Multiple criteria decision analysis. An integrated approach, Boston, Mass.: Kluwer Academic 2002.

[6] H.W. Noordkamp, A.I. Martins Botto de Barros, B.J. Visser (2009), A methodology for Simulation Based Performance Assessment, TNO report TNO-DV 2009 A019 (in Dutch).


[7] Methods and Models for Life Cycle Costing, Final report of Task Group SAS-054, NATO RTO Technical report, June 2007.


[8] H. van den Broek, K. van Buul-Besseling, M. Cornelissen, & N. van Hattem (2009), Methoden voor het ontwerpen en evalueren van platformen en organisaties binnen Defensie, Draft version, 2009 (in Dutch).






































































































RTO-MP-SAS-080
13 - 1

13 - 14
RTO-MP-SAS-080

RTO-MP-SAS-080
13 - 13



_1314616727.doc




Input









Utility









Input









Combine









Weights









Utility









MOEs









Tree









Utility









Calculate FOMsurv









Tree









Determine MOEs









Deployment









Tree









MOEs









Tasks









Scenarios









Definition phase









Product effectiveness









Calculate




LCC









Life Cylce Cost









Cost effectiveness









Comparison of alternatives









Evaluation of each alternative














MOEs









LCC tree









Weights









Combine









Weights









Combine









Input









Sensitivity analysis









Operational effectiveness









Survivability









Sustainability









Calculate FOMop









Calculate FOMsust









Determine MOEs









Determine MOEs






















[image: image1.wmf][image: image16.wmf]



Using an Outranking Method Supporting 

the Acquisition of Military Equipment







 TITLE   \* MERGEFORMAT 
Using an Outranking Method Supporting 


the Acquisition of Military Equipment





[image: image17.jpg]}
A NATO
\4% OTAN




Using an Outranking Method Supporting 
the Acquisition of Military Equipment 

Prof.(Em.) Hugo Pastijn

Royal Military Academy

Renaissance Avenue 30

1000 Brussels (Belgium)

hugo.pastijn@rma.ac.be

Abstract

We overview the desirable features of a ranking and a selection methodology, taking several criteria into account.  We show to what extent the class of PROMETHEE methods is presenting these features. We summarize the recommendations which were formulated a few years ago, in order to adapt these methods to their use for military equipment acquisition.


These adaptations are primarily related to the choice of the criteria hierarchy, the determination of weights, the transformation and rescaling functions, the indifference and preference thresholds and some other technical parameters.


Then we discuss the capabilities of the PROMETHEE methods to perform stability analysis of the ranking with respect to the weights and its relevance for the acquisition process of military equipment.


Finally we discuss the interpretation of the results given by these PROMETHEE methods.

Introduction

Outranking methods for multicriteria decision aid belong typically to the so-called European School of Multicriteria Decision Making (MCDM), which came into existence with the stimulating work of B. Roy ([13],[14],[15],[16]).  The outranking approach is based on a fundamental partial comparability axiom where incomparability is a key concept ([5], p.80).  In contrast with this approach there is the so-called American School in which Th. Saaty plays an important role with his “Analytical Hierarchy Process” (AHP Method) in which there is no place for incomparabilities [17].  In the European School we think that incomparabilities between alternatives to be ranked or to be selected, are a natural aspect of any MCDM problem,  in which criteria evaluating the performance of these alternatives are conflicting – meaning that for instance two different criteria can have inversed preferences between couples of the same alternatives.  If this happens on a large set of couples of criteria, then we claim that neglecting these conflicts, is  leading to decisions which are often far from the original data of the MCDM problem.  Although the final objective in practice is to decide about a ranking or about a selection of a subset of the alternatives, we claim that the decision maker should be supported by methods which are warning about the presence of incomparabilities.  We even claim that it should be possible to assess the importance (the intensity) of these incomparibilities in order to fully inform the decision maker about it, before the final decision is made.  

Many different methods belong to the outranking class.  For overviews we refer to [5], [18] and [19]. For a detailed description of industrial applications with the oldest member (ELECTRE) of this class we refer to [11]. In this paper we will concentrate on the well-known PROMETHEE methods.  In other contributions to the NATO SAS-080 Specialist Meeting (Brussels, 22-23 October 2009) we will focus on the ORESTE method ([10],[12]) which is complementary to the PROMETHEE methods.  There are other methods belonging to the European School like MACBETH [1] which in SAS-080 is the subject of a keynote address by C. Bana e Costa.

The PROMETHEE methods are sufficiently well-known by System Analysis specialists, to skip in this paper all mathematical aspects.  For details we refer to [4],[8] and [9]; for some more philosophical considerations see [3].

The PROMETHEE methods have been extensively used in the eighties and nineties of last century by teams of Belgian MoD equipment acquisition services.  These (and other) MCDM methods are taught in the curriculum of the High Staff College for Military Administrators of the Belgian MoD.  Currently personnel involved with equipment acquisition can use these methods on an individual basis.  For other areas in Defence where these methods were used, we refer for instance to [6].

In this paper we concentrate on practical features of PROMETHEE, the typical use for military equipment acquisition, and we illustrate the discussion primarily by an implementation we called MCDMTool [7]. 

MILITARY EQUIPMENT ACQUISITION CRITERIA


Criteria to assess or evaluate military equipment to be acquired by the MoD are to a large extent the same as those used in logistics engineering and management.  Therefore we refer to [2] ( Appendix B) for a very detailed checklist  of criteria, and to [2] (Appendix C) for a very detailed checklist of criteria for the evaluation of suppliers.  In Figure 1 is shown an example of 10 alternative equipments assessed on a hierarchy of typical criteria.
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Figure 1: MCDMTool criteria hierarchy

DESIRED FEATURES OF AN MCDM METHOD

Cardinal assessments have to be fully exploited.  Loss of information has to be avoided.  Information about deviations of evaluations between alternatives for each criterion has to be used.


Scale effects due to different units in which different criteria are measured are to be eliminated in the calculations.


Pairwise comparisions between alternatives have to lead to partial ranking (with incomparabilities) or to complete ranking (without incomparabilities).


The method (and calculations) has to be transparent (as “simple” as possible) to the decision maker.


Technical parameters need to have an interpretation in world of the decision maker.


Weights allocated to criteria should have a clear role a straightforward interpretation in the data aggregation procedure of the MCDM method, leading to a ranking or a selection of alternatives.

Incomparability (conflict) analysis should be integrated in the method.


These features are all present in the PROMETHEE methods.


PROMETHEE INPUT


Here is an illustration with MCDMTool in Fig. 2 .
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TRANSFORMATION FUNCTIONS

Transformation functions are used to transform deviations of cardinal evaluations on a (0,1)-interval. This avoids later scale effects in the calculations.


It is recommended to use continuous transformations for data known with a high degree of accuracy.  This avoids unnecessary loss of information.  For less accurately known data or data known with some degree of uncertainty, discontinuous level-type transformations are recommended.


Parameters are chosen in order to avoid loss of information on the one hand (preference threshold [4]) and in order to take into account uncertainty on the other hand (indifference threshold [4]).

Here are some examples illustrated with MCDMTool.
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Figure 2: Performance transformation function
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Figure 3: Direct Cost transformation function
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Figure 4: Maintenance Cost transformation function

WEIGHTS


After transformation of the deviation between the evaluations of couples of alternatives a and b on an interval (0,1) we obtain a preference indicator 
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for the criterion j.  Then the aggregation of these preference indicators is computed by 
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.  This is a very transparent linear additive  aggregation scheme.


This is illustrated by the following figures from MCDMTool.
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Figure 5: Weights

PROMETHEE II RESULTS

A complete ranking is obtained for each PROMETHEE sub-problem in the criteria hierarchy and for the acquisition project as a whole by computing for each alternative a
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where A is the set of all alternatives an n its cardinality.


The alternatives are then ranked in decreasing order of 
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This is illustrated in Figure 7 with MCDMTool.
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Figure 6: PROMETHEE II ranking

WEIGHT STABILITY ANALYSIS

Due to the linearity of the aggregation scheme with respect to the weights, the stability analysis vis-à-vis the weights is highly facilitated.  We refer to the fundamental discussion of this aspect of the outranking methods in general and of PROMETHEE in particular in [8].  This has been implemented in the software Decision Lab 2000 [20] in which there are also some additional graphical representations based on [9] which can be helpful to understand the sensitivity of the final results depending on the weights.  This is an important issue in the final discussion of the results of the MCDM analysis before taking a decision in the ranking or selection of some military equipment.  The stability of the results as a function of the weights is of course measuring also the credibility of the decision which will be based on these results. This is very important in an organisation where all members on various levels will live with the solution which is chosen.  

It should also be noticed that instead of the a posteriori weight stability analysis in PROMETHEE, we implemented in MCDMTool a fully interactive module which serves to determine a priori weights of criteria by pairwise comparison of the importance of the criteria, and to compute the weights compatible with these pairwise assessments, through an eigenvalue method similar to the computations which are performed in the background of the AHP method of Saaty [17].  Both the a priori and the a posteriori module for the discussion of the weights might be interesting to be integrated in the same software.

This stability analysis is illustrated by Figure 8 with the use of Decision Lab 2000.
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Figure 8 : Weight stability intervals

CONCLUSION


The PROMETHEE II method is featuring all the desired qualities of an MCDM outranking method. As a consequence it is appropriate to use it in the context of acquisition of military equipment.


For the discussion of the conflict analysis and the incomparability analysis we refer to the SAS-080 contribution on “Assessing and visualizing incomparabilities by using an outranking method supporting the acquisition of military equipment”.
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Abstract

An essential element in the use of outranking methods for ranking or selection problems arising in the acquisition process of military equipment is the interpretation of incomparabilities.  We show how this was done in the PROMETHEE methods by the “GAIA” plane representation, which is implemented in the commercial software “DECISION LAB 2000”.  


We then discuss how the incomparability analysis can be fine-tuned, leading to a more detailed graphical representation.  This was implemented in the “MCDMTool” developed at the Royal Military Academy in Brussels.


Finally we discuss the way to interpret the results of these assessments and visualizations, along with their relevance to the acquisition process of military equipment.

Introduction


In the SAS-080 (NATO SAS-080 Specialist Meeting – Brussels 22-23 October 2009) contribution on “Using an outranking method supporting the acquisition of military equipment” (SAS-080 14) we reminded that outranking methods for multicriteria decision aid belong typically to the so-called European School of Multicriteria Decision Making (MCDM), which came into existence with the stimulating work of B. Roy ([13],[14],[15],[16]).  We will repeat here some of the points addressed in that paper.  The outranking approach is based on a fundamental partial comparability axiom where incomparability is a key concept ([5], p.80).  In contrast with this approach there is the so-called American School in which Th. Saaty plays an important role with his “Analytical Hierarchy Process” (AHP Method) in which there is no place for incomparabilities [17].  In the European School we think that incomparabilities between alternatives to be ranked or to be selected, are a natural aspect of any MCDM problem,  in which criteria evaluating the performance of these alternatives are conflicting – meaning that for instance two different criteria can have inversed preferences between couples of the same alternatives.  If this happens on a large set of couples of criteria, then we claim that neglecting these conflicts, is  leading to decisions which are often far from the original data of the MCDM problem.  Although the final objective in practice is to decide about a ranking or about a selection of a subset of the alternatives, we claim that the decision maker should be supported by methods which are warning about the presence of incomparabilities.  We even claim that it should be possible to assess the importance (the intensity) of these incomparibilities in order to fully inform the decision maker about it, before the final decision is made.  


Many different methods belong to the outranking class.  For overviews we refer to [5], [18] and [19]. For a detailed description of industrial applications with the oldest member (ELECTRE) of this class we refer to [11]. In this paper we will concentrate on the well-known PROMETHEE methods.  In other contributions to the NATO SAS-080 Specialist Meeting (Brussels, 22-23 October 2009) we will focus on the ORESTE method ([10],[12]) which is complementary to the PROMETHEE methods.  There are other methods belonging to the European School like MACBETH [1] which in SAS-080 is the subject of a keynote address by C. Bana e Costa.


The PROMETHEE methods are sufficiently well-known by System Analysis specialists, to skip in this paper all mathematical aspects.  For details we refer to [4],[8] and [9]; for some more philosophical considerations see [3].


The PROMETHEE methods have been extensively used in the eighties and nineties of last century by teams of Belgian MoD equipment acquisition services.  These (and other) MCDM methods are taught in the curriculum of the High Staff College for Military Administrators of the Belgian MoD.  Currently personnel involved with equipment acquisition can use these methods on an individual basis.  For other areas in Defence where these methods were used, we refer for instance to [6].


In this paper we concentrate on practical features of the PROMETHEE I method related to the incomparability analysis, the typical use for military equipment acquisition, and we illustrate the discussion primarily by an implementation we called MCDMTool [7].

INPUT DATA 

We start with the same data as in the paper SAS-080 on “Using an outranking method supporting the acquisition of military equipment”, but now we intend to apply the PROMETHEE I method, which includes the identification of incomparabilities. 


This is illustrated in Figure 1 with MCDMTool.
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Figure 1: Input data in MCDMTool

PROMETHEE I COMPUTATIONS FOR OPERATIONALITY

In Figure 2 are shown the successive computational results for PROMETHEE I only for the MCDM-problem “Operationality” which is a criterion of the overall MCDM problem “Military Equipment Acquisition”.  Notice that ordinal data (ranks are treated as cardinal data).  


The second table of Figure 2 gives the unicriterion flows 
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 (see SAS-080 14). They are used in the computation of weight stability intervals and also in the representation of the GAIA plane [9].
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Figure 2: PROMETHEE I Computations

The third table of Figure 2 gives all the flows 
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(see SAS-080 14), as well as all the aggregated preference indicators 
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Finally the last table of Figure 2 gives the binary relations PROMETHEE I is obtaining for each couple of alternatives. Therefore the alternatives are ranked in decreasing order of 
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and in increasing order of 
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.  If for a couple of alternatives both rankings are the same, PROMETHEE I is maintaining this ranking as the final one.  If for a couple of alternatives both rankings are opposite, then PROMETHEE I is considering this couple as incomparable.  In the last table of Figure 2 such couples are identified with the symbol R.  There is no measure of the intensity of this incomparability in the original version of PROMETHEE I.  This has been changed in the implementation of MCDMTool where we use de aggregated preference indicators 
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 to represent each couple of alternatives in a IPR-diagram identical to the one we use for conflict analysis in the ORESTE method [10] (see SAS-080 16) with the same parameter settings to define the (blue) Indifference region (I), the (green) Preference region (P) and the (red) incompaRability region (R).


This is illustrated in Figure 3 with MCDMTool, along with the representation of the profiles of all alternatives.  Notice that the couple of alternatives Eqt8 and Eqt10 are identified by PROMETHEE I as incomparable.  This couple had the number 44 in the IPR-diagram ; it is in the middle of the incomparability region.  The intensity of the incomparability can be measured by the distance of the point of the couple in the IPR-diagram, to the bisector of the first quadrant of this graph (see similarly [10]).
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Figure 3: Conflict analysis for Operationality

INCOMPARABILITY ANALYSIS FOR THE MCDM PROBLEM


Finally the same is done for the overall MCDM problem. The results are illustrated with MCDMTool in Figure 4.

Notice that the couple Eqt7 and Eqt9 is not identified in the original version of PROMETHEE I as incomparable (see the upper left table in Figure 4), but it is in the IPR-diagram (see point 41 for this couple) because it is almost on the bisector of the (red) incomparability region.  The original PROMETHEE I method is obviously not very discriminating for identifying incomparabilities.
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Figure 4: Final PROMETHEE I conflict analysis

CONCLUSION


In addition to the GAIA representation implemented in Decision Lab 2000 [20] the IPR-diagram implemented in MCDMTool is very important to assess the existence and the intensity of incomparabilities.  This IPR-diagram is much more discriminating than the original version of PROMETHEE I.
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Abstract

In some acquisition procedures of military equipment there are no crisp data available and/or no willingness to provide quantitative data.  This might often occur in an early stage of the procedure, but might also be a characteristic of the qualitative nature of some or all the criteria involved in the assessment of the alternative equipments to be selected or ranked.  In such a case we propose the use of an ordinal outranking method of the “ORESTE” type, which requires only ordinal data and rankings of criteria according to their importance.


We discuss how to use such a method in the context of an acquisition procedure of military equipment, and how to conduct the incomparability analysis.  A visualization of the incomparabilities and of the total and partial rankings is presented.


Finally we discuss the combined use of an ordinal method with other outranking methods and the interpretation of the results in the context of the acquisition procedure of military equipment.

Introduction


In the SAS-080 (NATO SAS-080 Specialist Meeting – Brussels 22-23 October 2009) contributions on “Using an outranking method supporting the acquisition of military equipment” (SAS-080 14) and on “Assessing and Visualizing Incomparabilities by using an outranking method supporting the acquisition of military equipment” (SAS-080 15),  we reminded that outranking methods for multicriteria decision aid belong typically to the so-called European School of Multicriteria Decision Making (MCDM), which came into existence with the stimulating work of B. Roy ([13],[14],[15],[16]).  We will repeat here some of the points addressed in these papers.  The outranking approach is based on a fundamental partial comparability axiom where incomparability is a key concept ([5], p.80).  In contrast with this approach there is the so-called American School in which Th. Saaty plays an important role with his “Analytical Hierarchy Process” (AHP Method) in which there is no place for incomparabilities [17].  In the European School we think that incomparabilities between alternatives to be ranked or to be selected, are a natural aspect of any MCDM problem,  in which criteria evaluating the performance of these alternatives are conflicting – meaning that for instance two different criteria can have inversed preferences between couples of the same alternatives.  If this happens on a large set of couples of criteria, then we claim that neglecting these conflicts, is  leading to decisions which are often far from the original data of the MCDM problem.  Although the final objective in practice is to decide about a ranking or about a selection of a subset of the alternatives, we claim that the decision maker should be supported by methods which are warning about the presence of incomparabilities.  We even claim that it should be possible to assess the importance (the intensity) of these incomparibilities in order to fully inform the decision maker about it, before the final decision is made.  


Many different methods belong to the outranking class.  For overviews we refer to [5], [18] and [19]. For a detailed description of industrial applications with the oldest member (ELECTRE) of this class we refer to [11]. In this paper we will concentrate on the well-known ORESTE method ([10],[12]) which is complementary to the PROMETHEE methods.  There are other methods belonging to the European School like MACBETH [1] which in SAS-080 is the subject of a keynote address by C. Bana e Costa.


The ORESTE method is sufficiently well-known by System Analysis specialists, to skip in this paper all mathematical aspects.  For details we refer to [10] and [12] .


The ORESTE method has sometimes been  used in the eighties and nineties of last century by small teams of Belgian MoD equipment acquisition services as a complement to the PROMETHEE methods.  This MCDM method is taught in the curriculum of the High Staff College for Military Administrators of the Belgian MoD.  Currently personnel involved with equipment acquisition can use these methods on an individual basis.  


In this paper we concentrate on practical features of the ORESTE method especially related to the incomparability analysis, the typical use for military equipment acquisition, and we illustrate the discussion primarily by an implementation we called MCDMTool [7].


INPUT DATA 


We start with the same data as in the paper SAS-080 on “Using an outranking method supporting the acquisition of military equipment”, but now we intend to apply the ORESTE method for the sub-problem related to the criterion assessing “Human Resources”  issues. 


This is illustrated in Figure 1 with MCDMTool in which we will now only look at the sub-tree “Human Resources”.
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Figure 1: Input structure

All assessments of alternatives for all criteria are ordinal (represented by ranks).  The relative importance of the criteria are also given by ranks.


This is illustrated in Figure 2 with MCDMTool.
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Figure 2: Input ordinal data
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Figure 3: Ranks of Alternatives for criteria

ORESTE I COMPUTATIONS


First all ranks are converted into Besson ranks [10] to take into account possible ties (in this example there are none). The results are in Figure 4.
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Figure 4: Besson ranks

Then a first aggregation of the two-dimensional alternatives-criteria data (Figure 2) is performed by computing for each couple alternative-criteria as “distance” score to and ideal position occupied by the best alternative for the most important criterion.  This score is the mean value of  the Besson-rank 
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.  The parameter R can be adapted for two different parts of the input data table.  Most users will take the default value R=1 (see Figure 5).  Also the coefficient ½ can take values A and (1-A) for two different parts of the input data table .  Most users will however take the default value A=1/2 .
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Figure 5: Parameter setting
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Figure 6: “distance” scores

Then all these “distance” scores are converted into Besson-ranks in order to keep the method fully ordinal.  We call these Besson-ranks global ranks 
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which are upper-bounded by the value mk with m the number of alternatives (here 10) and k the number of criteria (here 4).


These global ranks are illustrated in Figure 7.
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Figure 7: Global ranks

Then we compute the “mean” rank for each alternative by 

[image: image14.wmf]()()


j


c


j


raa


r


=


å


 which is actually only the numerator of the mean of all the global ranks the alternative a got in the previous table. The values of these 
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 are in Figure 8.

[image: image16.png][0 Human R : ORESTE 1

Ranks | Bessonranks | Distances | Globalranks | Mean ranks.

o d X

Action Mean ranks
Eat 300
Eat2 1100
Eat3 185
Eat [106.0
Eats 1080
Eate 53.0
Eat7 l04.0
Eate [47.0
Eqte 825
Eqt10 740







Figure 8: Mean ranks

Finally the alternatives are ranked in increasing order of the mean ranks.  This yield for our example the representation in Figure 9 together with the profiles of the alternatives in Figure 10.
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Figure 9: Final ranking

[image: image18.png]ORESTE | global ranks

Training Comversion Manpowet planning
Criteria

Eatt — Eat i3 Eqt4  Eat Q6 Eqt7  Eat







Figure 10: Profiles

ORESTE II COMPUTATIONS

Now we compute for each couple of alternatives a and b two preference intensities 
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These preference intensities  are upper-bounded by 
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When we divide the preference intensities by this upper bound, we obtain normalized preference intensities C(a,b) and C(b,a) similar to the preference indicators 
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 of the PROMETHEE methods (see [4] and SAS-080 14 and SAS-080 15).  These preference intensities are in Figure 11.
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Figure 11: Preference intensities

These normalized preference intensities are then used as coordinates of points representing couples of alternatives in an IPR-diagram.  For a parameter set defining the I, P and R regions (see [10]) this yields then a set of couples for which a warning is triggered, announcing an incomparability if the point is located in the (red) R-zone of the IPR-diagram.


The result for a very risk-averse parameter setting (meaning that incomparability is announced even for low intensities of the incomparability) is given in Figure 12.


The intensity of the incomparability can be measured by the distance of the point representing the couple in the IPR-diagram, to the bisector of quadrant of the IPR-diagram.  This distance can on its turn be measured by the parameter Gamma (
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Figure 12: IPR analysis
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Figure 13: IPR diagram

Notice in Figure 13 that for instance the point 41 is in the incomparability region, and indeed the couple Eqt7 and Eqt9 is announced by the IPR analysis as incomparable.


In Figure 14 we illustrate the use of reference (standard) profiles to determine the parameter gamma.  This gamma determines the incomparability zone and indirectly gives a measure of the distance of the point representing a couple of alternatives to the bisector (axis of symmetry of the R-region) of the quadrant of the IPR-diagram.


This is interactive analysis for two different values of gamma is illustrated in Figure 15.


It shows for instance that the couple Eqt6 and Eqt8 (represented by the point 37 in the IPR-diagram) has roughly the same incomparability (conflict) intensity than the couple Eqt2 and Eqt3 (represented by the point 10 in the IPR-diagram) because these points are almost on the same “gamma”-distance from the bisector of the quadrant. However it is much more critical and more  important to trigger the warning of incomparability for Eqt6 and Eqt8 than for the other couple, because the couple is among the top-ranked in ORESTE I.  This means for instance that it is very relevant to have this analysis tool in the case when this MCDM problem consists of the selection of two alternatives among ten.  In that case the choice of the second alternative to be selected (after the overall winner Eqt1) is a hard decision to be taken, which might require some further investigation (re-assessments, additional criteria,…).
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Figure 14: Interactive determination of gamma for reference (standard) profiles
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Figure 15: Interactive assessment of the incomparability intensity

CONCLUSION


This ordinal outranking method ORESTE, implemented with MCDMTool, is a powerful and relevant analysis tool, providing the decision maker with the necessary information in the case of hard decisions about expensive military equipment to be taken (or advise to be given) in the context of conflicting criteria leading to incomparable alternatives (especially on the top of the ranking).  This is the main reason why we integrated it into the MCDMTool software.
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Abstract

From our experience as well in teaching as in consultancy at the Royal Military Academy we learned that previously existing MCDM software did not fit well acquisition projects of military equipments. To solve this problem, we created a team to develop the “MCDMTool” which is an implementation of the combined use of two different types of outranking methods PROMETHEE and ORESTE. The choice of all technical parameters is assisted by interactive modules. The capabilities of this software are demonstrated here in the framework of acquisition of military equipment.


1. Introduction

We are used at the Royal Military Academy to use PROMETHEE or ORESTE outranking methods not only as part of teaching OR (Operation Research) but also as consultants when we have to help the external decision maker facing multi-criteria problems.


Those two methods have an opposite (complementary) approach as PROMETHEE considers that all evaluations of criteria are treated as purely quantitative where ORESTE only allows rankings (qualitative criteria). 


The reality of multi-criteria problems though is that we mostly face a mix of criteria, where some of them are clearly quantitative as some others are more qualitative and thus better adapted to ranking than to numerical evaluation. 

2. Experience at RMA

Our experience at RMA, especially when we were asked to help as consultant in the elaboration of projects for acquisition of military equipment in the Belgian army helped us to point out several problems with the software we had at our disposal.

2.1. Problems with DOS versions

Until we started developing ourselves MCDMTool (see later), we used two independent old DOS (Disk Operating System), one called promcalc.exe (ULB) when we had to compute PROMETHEE problems, and the other called oreste.exe (RMA) when facing ORESTE problems
. 

2.1.1. Two separate implementations

As already stated, the Software we used at the RMA were two old independent DOS implementation, one for applying ORESTE and one for applying PROMETHEE.


This situation was not very comfortable and lead to some problems. Indeed most of the time the reality of an MCDM problem is not as simple as having all its criteria being either purely qualitative or purely quantitative. Instead we mostly face problems where some criteria are qualitative when others are quantitative.


Choosing a priori one of both softwares implied the necessity for the evaluator to artificially cast some criteria in a form that doesn’t really fit its reality.


In other words the problem had to be reduced to a purely quantitative problem if PROMETHEE was chosen or a purely qualitative problem if ORESTE was chosen.


2.1.2. MCDM Problem size

The supported size for MCDM problem in both implementations was very limited in supporting huge number of actions or criteria.


In oreste.exe for example limitations were 24 criteria and 42 actions. But even far before reaching these limitations, the software became difficult to use because of the screen capacity possibilities that did not allow getting a complete view on the problem.

2.1.3. MCDM Problem structure 


In both versions, MCDM problems had to be structured in the form of a simple rectangular matrix of actions and criteria.

This way of having to organize all criteria in a flat list did not match the realm of military equipment acquisitions as evaluation of subset of the criteria are often spread down into the hierarchy (See Figure 1).
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Figure 1: Mismatch between Mil Hierarchy and standard MCDM projects

2.1.4. Compatibility issues 

Both of these old DOS implementations began to have Windows compatibility problems since Windows XP, and these problems grow with the newer versions of MS Windows (Vista and in Widows 7 (since October 22 2009)). 

Furthermore, as being DOS implementations, they were also not compatible with any non Microsoft Operating Systems as MacOS, Linux, Solaris, …


3. MCDMTool 


3.1. Team


In order to solve all the problems encountered during our experiences with both DOS versions, we decided to gather an independent work team of IT and OR specialists (F. Hallot, P. De Beir and H. Pastijn) in order to implement a new version that has been called MCDMTool
.


3.2. Objectives

The next part of this paper will enumerate the principal objectives our team wanted to achieve with this new software and will illustrate the results with screenshots.

3.2.1. A Graphical User Interface (GUI)


Our first important goal was to provide an application with a rich windowed Graphical User Interface (GUI) for giving a great user experience compared to the possibilities of DOS versions.  


[image: image2.png]— =@ =]

& |~ /_- ,
A (D) - [ ¥ ContralPanel » ystem and security » System [ 43 ][ Search Control Panetl 2]

sl ® -
Control Panel Home . . .
View basic information about your computer
m & DeviceManager Windows dtion 4
) Remote setings Windows 7 Uttimate =
bk | ) System protection Copyright © 2009 Microsoft Corporation. Allights reserved. 5
@ Advanced system settings X =
[B] MCDM tool - C:AProgram Fies\McdmTooNdataFiles\mixed.mep == 2
ile Actions MCDM problems Solve Reports Customize Windows Help I
jiteilon 3
] a yaan WwHeE = e e
: Actions.
[paul Primary problem: evaluations. o e ®
. [Diane Name |[Presentat.[Expression Motvation [Capabilt.JCE opin
1 [Norbert Paul_ |1 20 255 a2
Louis Diane |1 50 275 |55
Eveline Nomert |2 35 00 |68
Louis |4 - 35 285 |33
Eveline |3 o 10 185 |75
Criteria hierarchy L [iu] Primary.. o” 2B
Action _|PROME.../
¢ CJ Primary problem ol T
S " Presentation Eveline 2
Nomert 3
Expression
Action Center e mober 2
Windows Update 6 Motvation Louis 5
Performance Informeti ¢ £ Capabilties
Tools 1 Intelectual quotient
5. Emotional quotient
*o_Professional knowledgs
Lzl 1 CEO opinion
o Unpin this program from taskbar
[ Close window Selected criterion: None Selected problem : Primary problem

E e o m g g E M B | ~= ;







Figure 2: MCDMTool GUI on Windows 7


3.2.2. Better Compatibility


MCDMTool was implemented using Java. Although this seems to be a purely technological aspect, this choice was of uttermost importance to ensure portability.
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Figure 3: MCDMTool on MacOS X  


Indeed, MCDMTool can be used on all operating systems able to run the JVM (Java Virtual Machine) and thus on quite all versions of windows (95, 98, 2000, XP, Vista and Windows 7 (see Figure 2)) but also on MacOS X (see Figure 3), Linux, Solaris and Unix.


3.2.3. ORESTE and PROMETHEE integration


Our next main goal was to integrate both methodologies into our single application. 


We could have implemented both methodologies completely separately. This would already have facilitated the life of the user which would not have to preselect one of both methods to start using the corresponding software. But as we already stated, the reality of most MCDM problems, and especially in the field of military equipment acquisition, necessitates frequently the use of a mix of quantitative and qualitative criteria.
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Figure 4: Integration of PROMETHEE and ORESTE in MCDMTool 


So our goal was even more ambitious than only implementing both methodologies separately. We wanted to give the user to intertwine both types of criteria together in a single project. This would allow the assessor to evaluate the candidates on each criterion in a way close to its inherent nature (See Figure 4).

We even added two predefined types that we called Appreciation
 (extension qualitative type - ORESTE) and Cardinal (extensions of quantitative type – PROMETHEE) but that augments once again the user experience when having to evaluate those types of criteria (See Figure 5). 
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Figure 5: Supplementary criterion types in MCDMTool 


This integration allows the users to delay the choice of the methodology chosen for computing the results until the decision time, and allow even to analyse the results with both methodologies (See Figure 6). 
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Figure 6: ORESTE and PROMETHEE can analyse a same MCDMTool project 


This integration, though required implementing a lot of helper tools for the conversion of ORESTE criterion to PROMETHEE ones and vice-versa (See Figure 7), as well as for computing ranks from weights and vice-versa (See Figure 8).
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Figure 7: Helper tools for integrating an ORESTE criterion in PROMETHEE. 
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Figure 8: Ranks – Weight Conversion helper tools 


3.2.4. Facilitation of Group Decision Making

As already shown in Figure 1, the acquisition process of military equipment is teamwork involving several people at several levels of the military hierarchy.


As we analyse the real functioning of such acquisition projects, some very high end criteria are defined at the top level. Those criteria are given for evaluation to different subordinate levels. Most of the time the subordinate level can’t evaluate the criterion directly and considers it in turn as an MCDM problem per se, that can be further decomposed in criteria (sub-criteria). Those new sub-criteria are then sent down into the hierarchy to the competent evaluation level. 


This process of further refining criteria by decomposing them in sub-criteria that are sent a level down into the hierarchy can happen at several levels of the hierarchy, until we reach “leaf” nodes where the evaluations effectively happen. Results are then sent back to the upper level where they will be integrated in the corresponding MCDM project that will deliver results that will in turn be returned at the upper level for further integration until the “root” project is reached. Once every criterion of the “root” project has been received, the final results can be computed in order to help the top management to take the appropriate decision (See Figure 9).

[image: image9.png]





Figure 9: The effective process when using MCDM in a hierarchy 


This procedure is quite tedious, error prone as the results sent from one level to the upper level must be re-encoded and if some error should be corrected at a lower level, no automatic correction would happen at the upper level. This makes the procedure quite long as every evaluation has to bubble up the hierarchy before results can be computed for the decision maker. And if for some reasons the decision maker is not happy about the results, because they don’t seem to be correct and require further refinements of the evaluation process, the whole procedure has to start again. 

3.2.4.1. Introducing a new type of criterion: MCDMProblem 


So even more important than integrating PROMETHEE and ORESTE, our top level goal when incepting the MCDMTool project was to transform the pure rectangular MCDM projects in a form that would better suit the reality of decision making in big companies (as the Belgian Defence).

The solution was not that difficult to find. Introducing a new type of criteria called MCDMProblem, that can be further decomposed into sub-criteria, would fix the problem. And in fact, it was just a computer implementation of a manual practice inside our institution. The MCDM project would remain a two dimensional plan, but a bit more complex as one of its axes would not be a flat list anymore but a hierarchical tree.  
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Figure 10: MCDM Criteria hierarchy  & evaluation propagation through MCDMProblem type


When all sub-criteria are evaluated, the parent MCDMProblem can be “solved” and its results can be considered as the criterion evaluation at the upper level (See Figure 10). With MCDMTool only one MCDM project has to be created now. It can be further expanded by the lower levels of the hierarchy and when evaluations are entered at “leaf” nodes, they are immediately integrated up into the higher level, at least if all integration parameters have correctly been set (See Figure 10).

3.2.4.2. Provide better reusability

Reusability is also an important part of Group Decision Making. It was an initial choice that MCDMTool project files should be readable and editable without having to use MCDMTool. Because the data composing an MCDM project is highly structured, it seemed obvious to us that XML (eXtensible Markup Language) would be the perfect candidate for saving project data.


This format allows predefining templates of criteria for example, when a set of criteria have to be used regularly in different MCDM projects.


It was also important for us to foresee the possibility to store MCDM project data in relational databases. This possibility exists in MCDMTool but is not available directly from the GUI. In the case one wants to rely on database for storing project information, some light modifications have to be done within the code before recompiling, but this option is not accessible in the standard software.  

3.2.5. Efficiency features

A lot of features were in our original goals and have been incorporated inside MCDMTool. Nevertheless they are general features and not especially targeted for the military equipment acquisition type of problem. Hence we will only cite a non-exhaustive list of them without explaining them further or illustrating them with screenshots, but they remain important improvements of what was at our disposal when we had to work with those DOS versions.

MCDMTool comes thus also with


· 
A wizard that allows computing automatically a ranking without having to adjust all parameters when all evaluations are provided.


· The possibility to rule out actions or criteria from computing without having to delete them which would as side effect imply losing their evaluations.


· A reporting tool (generating .html file with results, graphs and diagrams)

· Graphical tools for analysing results with graphs and IPR diagrams (not only for ORESTE but also for PROMETHEE)


· All kinds of wizards in order to graphically help during determination of all the sorts of parameters


· Colorization (customizable) from all ORESTE and PROMETHEE windows in two different colours in order to help the users knowing in which context he sees results.


· Possibility to consult all intermediate results


· Import tools for both types of old version project files (promcalc.exe and oreste.exe)

4. Conclusions


Two big steps forward have already been made in MCDMTool,  towards a better support tool for decision making concerning the acquisition of military equipment.


Indeed by accepting the mix of qualitative and quantitative criteria in one single problem, MCDMTool helps its users to build their projects in a more natural way without forcing them to artificially cast some of their qualitative criteria to quantitative ones or the contrary. Now, every criterion can be evaluated according to its type which eases a lot the life of the assessor. 


The most interesting progress of MCDMTool approach though is the transformation of the MCDM problems from their traditional flat list structure of criteria to a tree structure one by adding recursion to MCDM problems by allowing a criterion to be qualitative (ORESTE), quantitative (PROMETHEE) or an MCDM problem per se (that can further be decomposed in sub-criteria). This new approach fits much more big companies like the Belgian Defence where the final decision has to be taken at a very high level but where the evaluation of the criteria is delegated to several services in a hierarchical fashion.


Although not an intellectual property of the RMA, MCDMTool is (and will always remain) freely used at RMA-TMWA during teaching and practical works of OR courses as well as in order to answer some consultancy missions.

5. The future of MCDMTool


Despite its new hierarchical approach, MCDMTool is still not satisfactory supporting multiple users, which is still an obstacle to true collaborative (group) decision making.


The next step in the evolution of MCDMTool in order to provide an improved tool for the acquisition of military equipments will be to integrate a user management module.


In a first instance this module should allow a project manager to define several evaluators with adapted access rights and to partition the project by assigning each criterion to one of the evaluators. This evolution would not need any scientific justifications as the only change in the software would be to allow several users to accomplish the same work that had to be done previously by a single actor by distributing evaluation responsibilities.


In a second time, it would be interesting to allow each evaluator to evaluate every action on every criterion, like in a jury. This evolution would however need a scientific justification as a third dimension would be added to the problem transforming it in a kind of data cube. An extra level of aggregation would become necessary and hence would have to be scientifically explained. 


� A third helper DOS application called saaty2.com was also sometimes needed when we had to convert rankings into numerical values



� The people of the team worked during their spare-time and with their own HW (Hardware) and SW (Software), and although there exists no official Start-up yet, MCDMTool is not a project of the RMA, and belongs completely to its inceptors.



� To be renamed « Assessment » in the next version.
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Abstract Title


We present a method for multi-criteria decision analysis (MCDA) capable of dealing with a large number of criteria. The issue with the most common methods for MCDA is that the number of pairwise comparisons grows quickly with the number of criteria. We have developed a method which reduces the number of pairwise comparisons to a small fixed number. This produces an incomplete judgement matrix from which we obtain a ranking and a weighting of the criteria. The way of doing this is similar to methods based on the geometric or arithmetic mean. A common problem with MCDA is inconsistency, and with a large number of criteria is inconsistency even more abundant. This method is designed to overcome the inconsistency which is bound to occur and extract the decision makers’ preferences. The result is a method which is time-saving and which minimizes the workload while sufficient level of accuracy and quality is secured.


Furthermore, an interesting result of applying the method is that it acts as a structuring tool. In our applications the formulation of the criteria was improved, new criteria were added and superfluous ones were removed. We present the method, its mathematical foundation and demonstrate a simple tool developed for executing an analysis using the method

1.0
Introduction

Decision making in large investment projects is undoubtedly a challenge. Having to consider both how each alternative covers the specified needs and making sure that it performs at a sufficient level to a reasonable cost, demands a coherent and transparent method. In investments of large complexity where numerous aspects have to be taken into account, which leads to a large number of criteria applying to the alternatives, it is challenging even to establish which criteria should matter the most. Presented here is a method for exactly this, constructed specially for a large number of criteria, where traditional methods for Multi-Criteria Decision Analysis (MCDA) come short. 

Over the last decades, it has been developed several methods whose aim is to extract the decision makers (DM) preferences and to give an outcome by evaluating how much impact each criteria should have on the choice. One example is the Analytical Hierarchy Process (AHP), see [14], which is one of the most extensively used methods, but also one of the most extensively debated and criticized methods, see e.g. [16] (for a summary) and [3, 4, 5, 6, 9, 11].

In working with investment projects of large complexity we saw the need for an improvement of the existing methods that would better suit our needs. In earlier projects it has been a problem with inconsistent weighting. One goal, or requirement, in MCDA is consistency, i.e. if attribute i get the score aij in comparison with attribute j which then again get the score ajk when compared with attribute k, then i should get the score aik = aij + ajk compared with k. In large and complex processes it is always a problem for the DM to keep track of all the scores and to give steady, consistent weights. Inconsistence will happen and the challenge is how this should be treated. The method presented here is constructed to deal with inconsistencies. 

One must further make sure that the workload does not become insurmountable. When a large amount of alternatives or criteria is considered, it is extremely time-consuming if a pairwise comparison is required for every possible pair of attributes. Our method is designed to be time-saving and to decrease the amount of work required; it limits the amount of pairwise comparisons as each criterion is matched with a fixed (small) number of criteria with whom pairwise comparisons are done. Gathered in a matrix, the base for further analysis is then an incomplete judgment matrix from which the weight vector is calculated. 


To sum up, the main advantages of the method are as follows

· the method does not require consistent weighting, but is able to overcome inconsistency while extracting the DM’s wishes and preferences 


· the method minimizes the workload by limiting the number of pairwise comparisons while accuracy and quality is secured

Our method is connected to those based on the geometric or arithmetic mean, see [2, 4]. This is described in section 1.1. The rest of this paper is organized as follows; in section 2 the method itself is presented. The method is described additively, but can easily be transferred to be multiplicative. In section 3 we describe how the method was applied with examples and valuable experiences from the process.

1.1
Pairwise comparisons and arithmetic mean

We base the method on pairwise comparisons which are frequently used in MCDA, see e.g. [14], which is a user-friendly technique the decision maker is comfortable with. 

A complete judgment matrix involves n(n − 1)/2 pairwise comparisons and for decision of some complexity this will soon get to thousands. For example, if 300 objects are involved the DM will have to do 44850 pairwise comparisons. Such an enormous amount makes this extremely time-consuming and impossible for the DM to keep up the concentration and to be consistent. 

It is a fact that only (n − 1) comparisons in one connected chain are necessary to rank n objects, see [1, 9, 15], but every little inaccuracy will be crucial for the outcome. An increase in the number of comparisons can be used to improve the accuracy and overall consistency. One way to do this is to collect the objects in more or less homogeneous clusters with pivots connecting them, see [9]. Another method is Minimal Pairwise Comparison (MIPAC) in [15]. There also exists a method based on geometric least square presented in [11] which demands neither complete nor consistent judgment matrices, and there is a method for incomplete matrices based on the eigenvalue method and AHP, described in [8]. 

In simulations, see for example [7], the most common methods for determining weight vectors have been tested, but none of the methods performed significantly better than the others. However, the geometric or arithmetic mean methods have the advantage that they can be used on incomplete judgment matrices, [16]. The method presented in this paper differs from the methods mentioned above by using the (arithmetic) mean for finding the weight vector. If there exists a complete set of pairwise comparisons the arithmetic mean method, as described in [2, 4], produces a weight vector as follows: Assume there are n objects to be ranked and weighted. The judgment matrix A = {aij} is a complete n × n matrix where the entry aij represents how attribute i is judged by DM when compared with j. A is obviously skew-symmetric, that is A = −AT, aij = −aji. The weight vector is W = (w(1) , . . . , w(n))T where w(i) = (∑nj=1 aij)/n is the weight obtained for attribute i.


2.0
The Method

Let’s describe our method. As already mentioned, to reduce the workload there is for every attribute (criteria) done a relatively small number of pairwise comparisons. All attributes are still connected, either directly or indirectly. A weight vector is produced taking the arithmetic mean both of the direct and indirect assessments recursively, where the weight vector is adjusted by the score for the connecting attributes. 

Assume that s comparisons are done for each attribute, where s < n (preferably s << n). These s attributes are drawn randomly and evenly distributed such that each attribute is compared pairwise with some other attribute 2s times. The result of DM’s assessments is then an n×n matrix A where 2sn of the entries are filled in. In other words, assume the attribute i is directly compared with the attributes j1, . . . , j2s (where the attributes j1, . . . , js are assigned to i and js+1, . . . , j2s are the ones to which i is assigned). The entry aji in A is the score i achieved when compared with j and aij = −aji. The entries in row i in A then are all aij for j = j1, . . . , j2s, denoted by ai(j1) , . . . , ai(j2s). The remaining entries are not filled in, except aii = 0.

Now we do some consecutive repeated calculations to find a final weight vector. The “first” weight vector is given by the arithmetic mean of these scores. That is, the attribute i gets the following weight; 

w1(i) = w(i) = (ai(j1) + · · · + ai(j2s) )/2s

for i = 1, . . . , n, and the weight vector is W1 = (w1(1) ... w1(n))T.

This is then repeated with the weights of the directly connected attributes taken into account, that is, w1(jl), l = 1, . . . , 2s is added to the value ai(jl) . The score attained for each of the directly connected attributes will enhance the relative score and the “second” weight for i is 

w2(i) = (ai(j1) + w1(j1) + · · · + ai(j2s) + w1(j2s))/2s ) = w1(i) + (w2(j1) + · · · + w2(j2s))/2s.

This is done repeatedly until the weight vector stabilizes, that is, Wr does not differ significantly from Wr+1 and the ranking does not change. Let us assume this happens after r iterations. Then the attribute i has the score/weight

wr(i) = w1(i) + (wr−1(j1) + · · · + wr−1(j2s))/2s,

and the weight vector is Wr = (wr(1) , . . . , wr(n))T. In our tests the weight vector did stabilize after a relatively small number of iterations (about 20). 

An attribute will only relate to its closest neighbours, but will be pushed up or down on the ranking according to the score attained by the direct neighbours. For example can one attribute which is expected to score average compared with the others, do really well in the first round and end up towards the top of the ranking if its direct neighbours typically all obtain low ratings. The score for this attribute is then adjusted in the subsequent rounds according to how its neighbours score. Hence, these adjustments will spread out and draw scores from all the attributes and by repeating a satisfactory number of times give the desired result, which in this example would be to pull the score for this particular attribute down. 


3.0
Execution of the method

The method was developed to defeat some of the most common causes for divergences observed in decision making and to take into consideration some well known aspects causing “errors” in such processes. We use expert groups in the role of DM. To be able to control and identify disalignments and inconsistencies, to avoid that strong members of the expert group dominates and to ensure that the opinion of the experts as a whole comes through, the collection of experts are divided into groups that do the same pairwise comparisons. The mean of these groups’ weightings makes the base for the calculations.

3.1
Scale and GUI

With a sufficient number of connections within the set of attributes we aim on being able to deal with the more or less “natural” inconsistency. Furthermore, each attribute is simultaneously compared with a number of other attributes, in our case 3, as seen in figure 1 showing the GUI. The experts are able to see the attribute in a wider setting and hence do a better evaluation. In also turned out that it is more effective to do the evaluation in this way. The experts evaluate the attributes following the scale;

· critically more important


· much more important

· more important

· slightly more important


· equal importance

· slightly less important

· less important

· much less important

· critically less important


[image: image3.jpg]}
A NATO
\4% OTAN






Figure 1: The GUI

In our tests the experts were instructed to picture themselves an exponential scale corresponding to the positive expressions above and similarly for the negative expressions. The choice of scale can be discussed and adjusted, but it is natural for humans to evaluate impressions exponentially. The one we used was presented for the experts and kept throughout the process. 

In our execution, where we had about 300 criteria to be weighted, the experts were divided into three groups and in three days they did three pairwise comparisons for each of the 300 criteria, as described above. The number here does not have to be three, neither for the number of groups nor the number of direct comparisons. However, this is acceptable and adequate as it minimizes the workload and at the same time more or less ensures direct or indirect connections between all the attributes. 


3.1
Useful experiences

As mentioned the groups of experts did the same evaluations and it was possible to pinpoint problems in the evaluation when analyzing and comparing the results. It turned out that for many of the pairwise comparisons there were large differences in the weighting between the groups. In some cases were the weightings diametrical opposites, that is, a difference of 8 steps. The largest differences were for criteria that were difficult to compare and that were connected to quite different areas of the domain of investigation. To make sure that the analysis was done on the best set of data possible, we did arrange for a reevaluation of the pairs that had a difference in the weighting of 3 steps or more. These were 33.3 % of the pairs, which confirms the discussion earlier concerning the problems that arise in such decision processes. In most of the cases the experts, now gathered in one group, did agree on the mean of the earlier evaluation. After the reevaluation 10.6 % of the new weighting of the pairs did diverge 3 steps or more from the mean of the first evaluation, 3.2 % 4 steps or more and 1.1 % diverged 5 steps or more. None of them diverged more than 5 steps. Since surprisingly few of the scores obtained when evaluating once more diverged 4 steps or more from the original mean, we can conclude that the mean is a good approximation. 

Even though the criteria were thought to be final and fixed when the evaluations started, in the process the experts saw that several corrections were needed. These consisted of irrelevant criteria being removed, new ones being added and some of the criteria needed to be better formulated. However, removing attributes created the problem that not all attributes had the same number of connections, but this was more or less fixed as the added attributes took the places of the removed ones. This was an important experience as it shows that the method is useful for polishing and finalizing the criteria by putting them in a setting of evaluation. By an early evaluation for optimizing the criteria, the result will be closer to perfection and will prevent that more/too many changes needs to be done. 

Finally, a ranked list was extracted using the method as described in section 3. The final ranking was checked and approved by the experts, still in the role of the DM, who found the result satisfactory.

4.0
Conclusion

This is a time-saving and accurate method which has given good results in the application described. It is well founded and deals with the problems in decision making resulting in inconsistencies. An additional gain from the method is that it improves the whole process by enforcing reflection on the importance and formulations of the criteria, on how they do in comparison with others and how they connect to the alternatives in a weighting. It is therefore useful to spend time to do a preevaluation for discussing the criteria in a realistic setting and should be included as a “cleaning” of the criteria for the investment object. The following main factors contributed to giving the best possible result; the mean of the weighting by several teams of experts resulted in a data set that cancels out imbalances in the opinions of the experts and gives a better input. Every attribute undergoes only a small number of pairwise comparisons and saves a lot of work for DM. The method takes into account the score of the neighbouring attributes in a sequence of rounds, such that the indirect scores spread out over the whole set of attributes and every pairwise comparison contributes to the final score of each attribute. This helps deal with inconsistencies and extracts the DM’s preferences from a minimized set of pairwise comparisons.
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The requirements of defence transformation have led to increased levels of interest in the area of military equipment acquisition as many nations embark on major changes in operational and organisational structures in order to meet the new needs of expeditionary operations rather than territorial defence.

Operational analysis and other model-based approaches are capable of providing valuable support to defence decision-makers addressing military equipment acquisition issues.  However, this particular application domain has often been neglected compared to subjects such as planning of operations, supply chain management and logistics.  In addition military equipment acquisition has mostly been considered by the military as isolated from the general economical, industrial and political environment.  Recommendations on behalf of the military are almost exclusively taking into account operational criteria.  The symposium therefore provides an opportunity to redress this situation by looking at multiple aspects of the problem in a broad context.
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